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Abstract 
 
    Thin-film solar cells based on highly absorbing compound semiconductors such as CdTe and 
CuIn1-xGaxSe2 (CIGS) have been introduced as a promising alternative for economic, competitive, 
photovoltaic (PV) energy sources. Recent years, thin-film solar cells are developing faster and 
faster, realizing its commercialization and marketization. Barium disilicide (BaSi2) is a new kind of 
semiconducting material for thin-film solar cells, which has lots of advantages over other materials. 
The band gap of BaSi2 is approximately 1.3 eV that matches the solar spectrum very well. Both 
theoretical and experimental researches have revealed that BaSi2 has a very large absorption 
coefficient of approximately 3×104 cm-1 at 1.5 eV. BaSi2 can be epitaxially grown both on Si(111) 
and Si(001) ) substrates by molecular beam epitaxy (MBE) due to the small lattice mismatch 
between BaSi2 and Si(111)/(001) planes. Besides, the undoped BaSi2 has a large minority carriers 
(holes) diffusion length (~10 µm) and long minority carriers’ lifetime (>10 µs).  
    Due to the large difference between electron affinity of BaSi2 (3.3 eV) and Si (4.1 eV), a large 
band offset exists at the BaSi2/Si interface. Thus, even when light is incident on the BaSi2/Si 
structure, and photoexcited carriers are generated in the BaSi2 layer, they will be blocked at the 
BaSi2/Si interface, thereby significantly decreasing the photocurrent. For good electrical contact 
between BaSi2 and Si, a heavily doped n+/p+ junction that functions as a tunnel junction (TJ) 
should be employed to overcome this problem. In our previous works, we have achieved the high 
photoresponsivity for the undoped BaSi2 layers grown on the tunnel junction. However, detailed 
examination of the Sb concentration in the undoped BaSi2 layers revealed the diffusion of 
significant amounts of Sb atoms from the n+-BaSi2 underlayer into the undoped BaSi2 layer, which 
then segregated in the surface region. The diffusion of Sb atoms into the undoped BaSi2 layer may 
increase the electron concentration in the undoped BaSi2 layers, which would lead to a reduction in 
photoresponsivity owing to a shorter minority-carrier lifetime and diffusion length. Although Sb is 
not an ideal dopant, yet it is regarded as the most practical n+-type impurity available for BaSi2.  
    For this reason, a new method is proposed for the growth of undoped BaSi2 overlayers on a Sb-
doped n+-BaSi2/p+-Si tunnel junction with reduced Sb diffusion. The inserted Si layer was grown 
by solid phase epitaxy and used to prevent Sb diffusion during the growth of undoped BaSi2 
overlayers. Secondary ion mass spectrometry measurements indicated that Sb diffusion was 
effectively suppressed when the growth temperature of the undoped BaSi2 overlayers was 500°C 
and lower. The X-ray diffraction rocking curves revealed that the full width at half maximum for 
the BaSi2(600) intensity increased significantly for BaSi2 grown at 440°C, indicating that the 
growth temperature should be higher than this temperature. 
 
 
II 
 
    By this new growth method, large photoresponsivity were achieved (max: ~0.37 A/W) at 1.55 
eV under the bias voltage of 2 V, the corresponding IQE increased up to 70%, which was the 
highest value ever reported for semiconducting silicides. Optimization works on growth 
temperature, RTA temperature and time and contact resistance also have been done to improve the 
photoresponsivity further. The large Photoresponsivity revealed that BaSi2 is a very promissing 
material for thin-film solar cells. 
    For the formation of BaSi2 solar cells, Investigation on three different tunnel junctions including 
p+-BaSi2/p+-Si, n+-BaSi2/p+-Si and n+-BaSi2/n+-Si has been done. Among them, p+-BaSi2/p+-Si 
showed the best tunneling property and surface morphology. According these three different tunnel 
junctions, three different structures for BaSi2 were put forward. Simulations and calculations on 
these different structure BaSi2 solar cells have been done. The results help us to make it clear what 
is the most suitable structure for making BaSi2 solar cells. 
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Chapter 1 Introduction 
1.1 Solar cells background 
1.1.1 Solar cells and solar energy conversion 
    Solar cells (also called Photovoltaics, PVs) are the field of technology and research related to the 
practical application of photovoltaic cells in producing electricity from light. It is often used 
specifically to refer to the generation of electricity from sunlight. The operation of a PV cell 
requires 3 basic processes: 
    1. A light absorption process, which causes a transition in a material (the absorber) from a 
ground state to an excited state, generating electron-hole pairs. 
    2. The separation of charge carriers into a free negative- and a free positive-charge carrier pair. 
    3. The separate extraction of those carriers to an external circuit. 
    In some materials such as Si and CdTe, the excited state may be a photogenerated free electron–
hole pair. In such a situation, step 1 and step 2 coalesce. In some materials like organic solar cells, 
the excited state may be an exciton, in which case steps 1 and 2 are distinct. 
    The energy supply for solar cells is photons coming from the sun. This input is distributed, in 
ways that depend on variables like latitude, time of day, and atmospheric conditions, over different 
wavelengths. The various distributions that are possible are called solar spectra. The product of this 
light energy input, in the case of a solar cell, is usable electrical energy in the form of current and 
voltage. Some common “standard” energy supplies from the sun, which are available at or on the 
earth, are plotted against wavelength in W/m2/nm spectra in Figure 1.1. The spectra in Figure 1.1 
give the power impinging per area (m2) in a band of wavelengths 1nm wide centered on each 
wavelength. In this figure, the AM0 spectrum is based on ASTM standard E490 and is used for 
satellite applications. The AM1.5G spectrum, based on ASTM standard G173, is for terrestrial 
applications and includes direct and diffuse light. It integrates to 1000 W/m2. The AM1.5D 
spectrum, also based on G173, is for terrestrial applications but includes direct light only. It 
integrates to 888 W/m2. The spectrum in Figure 1.2 has been obtained from the AM1.5G spectrum 
of Figure 1.1 by converting power to photons per second per m2 per nm. Photon spectra  
exemplified by that in Figure 1.2, are more convenient for solar cell assessments, because 
optimally one photon translates into one free electron–free hole pair via steps 1 and 2 of the four 
steps needed for photovoltaic energy conversion. 
    Standard spectra are needed in solar cell research, development, and marketing because the 
actual spectrum impinging on a cell in operation can vary due to weather, season, time of day, and 
location. Having standard spectra allows the experimental solar cell performance of one device to 
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be compared to that of other devices and to be judged fairly, since the cells can be exposed to the 
same agreed-upon spectrum. The comparisons can be done even in the laboratory since standard 
distributions can be duplicated using solar simulators. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1Solar energy spectra in watts per m2 per nm 
bandwidth for AM0, AM1.5G and AM 1.5D.  
Fig. 1.2 The AM1.5G data plotted in terms of photos 
per second per m2 per nm bandwidth. 
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1.1.2 Solar cells applications 
    Solar photovoltaic energy conversion is used today for both space and terrestrial energy 
generation. The success of solar cells in space applications is well known (e.g., communications 
satellites, manned and unmanned space exploration). On earth, solar cells have a myriad of 
applications varying from supplementing the grid to powering emergency call boxes. However, the 
need for much more extensive use of solar cells in terrestrial applications is becoming clearer with 
the growing understanding of the true cost of fossil fuels and with the widespread demand for 
renewable and environmentally acceptable terrestrial energy resources. 
    Solar cells are often electrically connected and encapsulated as a module. Photovoltaic modules 
often have a sheet of glass on the front (sun up) side, allowing light to pass while protecting the 
semiconductor wafers from abrasion and impact due to wind-driven debris, rain, hail, etc. Solar 
cells are also usually connected in series in modules, creating an additive voltage. Connecting cells 
in parallel will yield a higher current; however, very significant problems exist with parallel 
connections. For example, shadow effects can shut down the weaker (less illuminated) parallel 
string (a number of series connected cells) causing substantial power loss and even damaging the 
weaker string because of the excessive reverse bias applied to the shadowed cells by their 
illuminated partners. Strings of series cells are usually handled independently and not connected in 
parallel, special paralleling circuits are the exceptions. Although modules can be interconnected to 
create an array with the desired peak DC voltage and loading current capacity, using independent 
MPPTs (maximum power point trackers) provides a better solution. In the absence of paralleling 
circuits, shunt diodes can be used to reduce the power loss due to shadowing in arrays with 
series/parallel connected cells. 
    To make practical use of the solar-generated energy, the electricity is most often fed into the 
electricity grid using inverters (grid-connected photovoltaic systems); in stand-alone systems, 
batteries are used to store the energy that is not needed immediately. Solar panels can be used to 
power or recharge portable devices. 
    To increase the use of terrestrial solar cells, more efforts are needed to enhance cell energy-
conversion efficiency, to increase module (a grouping of cells) lifetimes, to reduce manufacturing 
costs, to reduce installation costs, and to reduce the environmental impact of manufacturing and 
deploying solar cells. The last three may be combined into “true costs.” Looked at it this way, 
increasing the use of terrestrial solar cells depends on increasing a “figure of merit” defined by:  
 
 
 
 
power is being produced. Put simply, in this first quadrant plot, conven-
tional current is emerging from the anode of the cell. Conventional current 
enters the anode of the archetypical power-consuming devices, the resistor 
and the diode. In this book, the power-producing quadrant of a solar cell 
will henceforth be switched to the fourth quadrant, to be consistent with 
resistor and diode plots, which will be in the first and third quadrants.
1.3 SOLAR CELL APPLICATIONS
Sol r photovoltaic energy conversion is used today for both sp ce and 
terrestrial energy generation. The success of solar cells in space appli-
cations is well known (e.g., communications satellites, manned and 
unmanned space exploration). On earth, solar cells have a myriad of 
applications varying from supplementing the grid to powering em r-
gency call boxes. However, the need for much more extensive use of 
solar cells in terrestrial applications is becoming clearer with the grow-
ing understanding of the true cost of fossil fuels and with the widespread 
demand for renewable and environmentally acceptable terrestrial energy 
resources. As long as 120 years ago, visionaries looking through he soot 
and smoke of the early industrializing world saw the need for a renew-
able and environmentally acceptable energy source. Writing in 1891, 
Appleyard foresaw “the blessed vision of the Sun, no longer pouring his 
energi s unrequited into space, but, by means of photo-electric cells and 
thermo-piles, these powers gathered into electrical storehouses to the 
total extinction of steam engines, and the utter repression of smoke.”3 
It is i teresting to note Appleyard’s specific mention of what he calls 
photo-electric cells. This energy conversion approach was known even 
then due to Becquerel’s discovery of photovoltaic action in 1839.4
To increase the use of terrestrial solar photovoltaics, more efforts are 
needed to enhance cell energy-conversion efficiency I, to increase module 
(a grouping of cells) lifetimes, to reduce manufacturing costs, to reduce 
installation costs, and to reduce the environmental impact of manu- 
facturing and deploying sol r cells. The last three may be combined into 
“true costs.” Looked at it this way, increasing the use of terrestrial solar 
photovoltaics depends on increasing a “figure of merit” defined by
1.3 Solar Cell Applications 7
energy conversion efficiency
true costs
lifetime
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1.1.3 Solar cells efficiency 
    The efficiency of a solar cell may be broken down into reflectance efficiency, thermodynamic 
efficiency, charge carrier separation efficiency and conductive efficiency. The overall efficiency is 
the product of each of these individual efficiencies. A solar cell usually has a voltage dependent 
efficiency curve, temperature coefficients, and shadow angles. 
    Due to the difficulty in measuring these parameters directly, other parameters are measured 
instead: thermodynamic efficiency, quantum efficiency, integrated quantum efficiency, VOC ratio, 
and fill factor. Reflectance losses are a portion of the quantum efficiency under "external quantum 
efficiency". Recombination losses make up a portion of the quantum efficiency, VOC ratio, and fill 
factor. Resistive losses are predominantly categorized under fill factor, but also make up minor 
portions of the quantum efficiency, VOC ratio. 
    The fill factor is defined as the ratio of the actual maximum obtainable power to the product of 
the open circuit voltage and short circuit current. This is a key parameter in evaluating the 
performance of solar cells. Typical commercial solar cells have a fill factor > 0.70. Grade B cells 
have a fill factor usually between 0.4 to 0.7. Cells with a high fill factor have a low equivalent 
series resistance and a high equivalent shunt resistance, so less of the current produced by the cell 
is dissipated in internal losses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3 Recent best research-cell efficiencies in the world. 
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    Single p–n junction crystalline silicon devices are now approaching the theoretical limiting 
power efficiency of 33.7%, noted as the Shockley–Queisser limit in 1961. In the extreme, with an 
infinite number of layers, the corresponding limit is 86% using concentrated sunlight. Figure 1.3 
shows the recent best research cell efficiencies in the world, summarized by national renewable 
energy laboratory (NREL). The records of efficiency are refreshed very frequently in recent years. 
The highest efficiency for a three-junction concentrated cell has reached 44.0%. 
 
1.1.4 Solar cells materials 
    Various materials display varying efficiencies and have varying costs. Materials for efficient 
solar cells must have characteristics matched to the spectrum of available light. Some cells are 
designed to efficiently convert wavelengths of solar light that reach the Earth surface. However, 
some solar cells are optimized for light absorption beyond earth's atmosphere as well. Light 
absorbing materials can often be used in multiple physical configurations to take advantage of 
different light absorption and charge separation mechanisms. 
    Materials presently used for solar cells include silicon (monocrystalline Si, polycrystalline Si, 
amorphous Si), cadmium telluride, copper indium gallium selenide. Many currently available solar 
cells are made from bulk materials that are cut into wafers between 180 to 240 micrometers thick 
that are then processed like other semiconductors. Other materials are made as thin-films layers, 
organic dyes, and organic polymers that are deposited on supporting substrates.  
 
    a) Si solar cells 
    By far, the most prevalent bulk material for solar cells is crystalline silicon (c-Si), also known as 
"solar grade silicon". Bulk silicon is separated into multiple categories according to crystallinity 
and crystal size in the resulting ingot, ribbon, or wafer. Monocrystalline silicon is often made using 
the Czochralski process. Single-crystal wafer cells tend to be expensive, and because they are cut 
from cylindrical ingots, do not completely cover a square solar cell module without a substantial 
waste of refined silicon. Hence most c-Si panels have uncovered gaps at the four corners of the 
cells. 
    Polycrystalline silicon, or multicrystalline silicon, (poly-Si or mc-Si) is made from cast square 
ingots: large blocks of molten silicon carefully cooled and solidified. Poly-Si cells are less 
expensive to produce than single crystal silicon cells, but are less efficient. United States 
Department of Energy data show that there were a higher number of polycrystalline sales than 
monocrystalline silicon sales. 
    Ribbon silicon is a type of polycrystalline silicon: it is formed by drawing flat thin films from 
molten silicon and results in a polycrystalline structure. These cells have lower efficiencies than 
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poly-Si, but save on production costs due to a great reduction in silicon waste, as this approach 
does not require sawing from ingots. 
    Analysts have predicted that prices of polycrystalline silicon will drop as companies build 
additional poly-silicon capacity quicker than the industry's projected demand. On the other hand, 
the cost of producing upgraded metallurgical-grade silicon, also known as UMG Si, can potentially 
be one-sixth that of making polysilicon. 
    b) Thin-film solar cells 
    Thin-film technologies reduce the amount of material required in creating the active material of 
solar cell. Most thin film solar cells are sandwiched between two panes of glass to make a module. 
Thin-film solar technologies have enjoyed large investment due to the success of First Solar and 
the largely unfulfilled promise of lower cost and flexibility compared to wafer silicon cells, but 
they have not become mainstream solar products due to their lower efficiency and corresponding 
larger area consumption per watt production. Cadmium telluride (CdTe), copper indium gallium 
selenide (CIGS) and amorphous silicon (a-Si) are three thin-film technologies often used as 
outdoor photovoltaic solar power production. CdTe technology is most cost competitive among 
them. CdTe technology costs about 30% less than CIGS technology and 40% less than a-Si 
technology in 2011. Recently, thin-film solar cells are developing faster and faster, making it the 
comparable costs to the Si solar cells. Thin-film solar cells fabricated on flexible substrates extend 
its application in daily lives, and at last will become the mainstream in the market. 
    i) Cadmium telluride solar cells 
    A cadmium telluride solar cell uses a cadmium telluride (CdTe) thin film, a semiconductor layer 
to absorb and convert sunlight into electricity. CdTe is growing rapidly in acceptance and now 
represents the second most utilized solar cell material in the world. Solar panels based on CdTe are 
the first and only thin film photovoltaic technology to surpass crystalline silicon PV in cheapness 
for a significant portion of the PV market, namely in multi-kilowatt systems. Figure 1.4 shows a 
typical structure for CdTe solar cells. Best cell efficiency has plateaued at 16.5% since 2001 (a 
record held by NREL). The opportunity to increase current has been almost fully exploited, but 
more difficult challenges associated with junction quality, with properties of CdTe and with 
contacting have not been as successful. Improved doping of CdTe and increased understanding of 
key processing steps are key to improving cell efficiency. Since CdTe has the optimal band gap for 
single-junction devices, it may be expected that efficiencies close to exceeding 20% (recently, 18.7% 
held by NREL) should be achievable in large-scaled produced CdTe cells. 
    CdTe solar cells have several advantages over traditional silicon technology, include: 1, the 
necessary electric field, which makes turning solar energy into electricity possible, stems from 
properties of two types of cadmium molecules, cadmium sulfide and cadmium telluride. This 
means a simple mixture of molecules achieves the required properties, simplifying manufacturing 
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compared to the multi-step process of joining two different types of doped silicon in a silicon solar 
panel. 2, good match with sunlight: Cadmium telluride absorbs sunlight at close to the ideal 
wavelength, capturing energy at shorter wavelengths than is possible with silicon panels. 3, 
cadmium is abundant: Cadmium is abundant, produced as a by-product of other important 
industrial metals such as zinc, consequently it has not had the wider price swings that have 
happened in the past two years with silicon prices. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.4 A typical structure for CdTe solar cells. 
 
    Although price is a major advantage, there are some drawbacks to this type of solar cells, mainly:  
1, tellurium supply: While Cadmium is relatively abundant, Tellurium is not. Tellurium (Te) is an 
extremely rare element, so the availability of tellurium will eventually limited how many panels 
can be produced with this material.  2, toxicity of Cadmium: Cadmium is one of the top 6 deadliest 
and toxic materials known. However, CdTe appears to be less toxic than elemental cadmium, at 
least in terms of acute exposure. This is not to say it is harmless. Cadmium telluride is toxic if 
ingested, if its dust is inhaled, or if it is handled improperly (i.e. without appropriate gloves and 
other safety precautions). The disposal and long term safety of cadmium telluride is a known issue 
in the large-scale commercialization of cadmium telluride solar panels. Serious efforts have been 
made to understand and overcome these issues. Researchers from the U.S. Department of Energy's 
Brookhaven National Laboratory have found that large-scale use of CdTe PV modules does not 
present any risks to health and the environment, and recycling the modules at the end of their 
useful life resolves any environmental concerns. During their operation, these modules do not 
produce any pollutants, and furthermore, by displacing fossil fuels, they offer great environmental 
benefits. CdTe PV modules appear to be more environmentally friendly than all other current uses 
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of Cd. However, some groups have expressed concern about large utility sized projects in the 
desert and the possibility of release of Cadmium gases or water table contamination. 
    ii) Copper indium gallium selenide 
    Copper indium gallium selenide (CuIn1-xGaxSe2, CIGS) is a direct band gap semiconductor used 
for the manufacture of solar cells. The CIGS absorber is deposited on a glass or plastic backing, 
along with electrodes on the front and back to collect current. Because the material has a high 
absorption coefficient and strongly absorbs sunlight, a much thinner film is required than of other 
semiconductor materials. CIGS is one of three mainstream thin-film PV technologies, the other two 
being cadmium telluride and amorphous silicon. Like these materials, CIGS layers are thin enough 
to be flexible, allowing them to be deposited on flexible substrates. However, as all of these 
technologies normally use high-temperature deposition techniques, the best performance normally 
comes from cells deposited on glass. Advances in low-temperature deposition of CIGS cells have 
erased much of this performance difference, even with flexible designs. 
 
 
 
 
 
 
 
 
Fig. 1.5 Device structure for CIGS solar cells. 
    CIGS is an I-III-VI2 compound semiconductor material composed of copper, indium, gallium, 
and selenium. The material is a solid solution of copper indium selenide (often abbreviated "CIS") 
and copper gallium selenide, with a chemical formula of CuIn1-xGaxSe2, where the value of x can 
vary from 1 to 0. It is a tetrahedrally bonded semiconductor, with the chalcopyrite crystal structure. 
The bandgap varies continuously with x from about 1.0 eV (for copper indium selenide) to about 
1.7 eV (for copper gallium selenide). CIGS has an exceptionally high absorption coefficient of 
more than 105/cm for 1.5 eV and higher energy photons. CIGS solar cells with efficiencies around 
20% have been claimed by both the National Renewable Energy Laboratory (NREL) and the 
Zentrum für Sonnenenergie und Wasserstoff Forschung (ZSW), which is the record to date for any 
thin film solar cell. 
    The most common device structure for CIGS solar cells is shown in Figure 1.5. Soda lime glass 
is commonly used as a substrate, because it contains Na, which has been shown to yield a 
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substantial open-circuit voltage increase, notably through surface and grain boundary defects 
passivation. However, many companies are also looking at lighter and more flexible substrates 
such as polyimide or metal foils. A molybdenum layer is deposited (commonly by sputtering) 
which serves as the back contact and to reflect most unabsorbed light back into the absorber. 
Following Mo deposition a p-type CIGS absorber layer is grown by one of several unique methods. 
A thin n-type buffer layer is added on top of the absorber. The buffer is typically CdS deposited via 
chemical bath deposition. The buffer is overlaid with a thin, intrinsic ZnO layer (i-ZnO), which is 
capped by a thicker, Al doped ZnO layer. The i-ZnO layer is used to protect the CdS and the 
absorber layer from sputtering damage while depositing the ZnO:Al window layer, since the latter 
is usually deposited by DC sputtering, known as a damaging process. The Al doped ZnO serves as 
a transparent conducting oxide to collect and move electrons out of the cell while absorbing as little 
light as possible. The materials based on CuInSe2 that are of interest for photovoltaic applications 
include several elements from groups I, III and VI in the periodic table. These semiconductors are 
especially attractive for thin film solar cell application because of their high optical absorption 
coefficients and versatile optical and electrical characteristics which can in principle be 
manipulated and tuned for a specific need in a given device. 
iii) Amorphous silicon (a-Si or a-Si:H) 
    An amorphous silicon (a-Si) solar cell is made of amorphous or microcrystalline silicon and its 
basic electronic structure is the p-i-n junction. a-Si is attractive as a solar cell material because it is 
abundant and non-toxic (unlike its CdTe counterpart) and requires a low processing temperature, 
enabling production of devices to occur on flexible and low-cost substrates. As the amorphous 
structure has a higher absorption rate of light than crystalline cells, the complete light spectrum can 
be absorbed with a very thin layer of photo-electrically active material. A film only 1 micron thick 
can absorb 90% of the usable solar energy. This reduced material requirement along with current 
technologies being capable of large-area deposition of a-Si, the scalability of this type of cell is 
high. However, because it is amorphous, it has high inherent disorder and dangling bonds, making 
it a bad conductor for charge carriers. These dangling bonds act as recombination centers that 
severely reduce the carrier lifetime and pin the Fermi energy level so that doping the material to n 
or p type is not possible. Amorphous Silicon also suffers from the Staebler-Wronski effect, which 
results in the efficiency of devices utilizing amorphous silicon dropping as the cell is exposed to 
light. The production of a-Si thin film solar cells uses glass as a substrate and deposits a very thin 
layer of silicon by plasma-enhanced chemical vapor deposition (PECVD). a-Si manufacturers are 
working towards lower costs per watt and higher conversion efficiency with continuous research 
and development on Multijunction solar cells for solar panels.  
    Amorphous silicon has a higher bandgap (1.7 eV) than crystalline silicon (c-Si) (1.1 eV), which 
means it absorbs the visible part of the solar spectrum more strongly than the infrared portion of the 
spectrum. As nc-Si has about the same bandgap as c-Si, the nc-Si and a-Si can advantageously be 
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combined in thin layers, creating a layered cell called a tandem cell. The top cell in a-Si absorbs the 
visible light and leaves the infrared part of the spectrum for the bottom cell in nc-Si. 
    The largest success for amorphous Si is the HIT (Heterojunction with Intrinsic Thin-layer) solar 
cells fabricated by Sanyo Company, with the efficiency exceeding 22%. Figure 1.6 shows the 
structure of HIT solar cells. In the HIT solar cell structure, an intrinsic a-Si layer followed by a p-
type a-Si layer is deposited on a randomly textured n-type CZ c-Si wafer to form a p-n hetero-
junction. On the other side of the c-Si, intrinsic and n-type a-Si layers are deposited to obtain a 
Back Surface Field (BSF) structure. On both sides of the doped a-Si layers, Transparent 
Conducting Oxide (TCO) layers are formed and finally, metal grid electrodes are formed using a 
screen-printing method. By inserting the high-quality intrinsic a-Si layer, the defects on the c-Si 
surface can be effectively passivated, and a high Voc can be obtained. This solar cell is based on 
Sanyo’s technologies for forming high-quality a-Si films and a-Si solar cells with low-plasma and 
low-thermal damage processes. 
 
 
 
 
 
 
 
 
 
Fig. 1.6 Structure of HIT solar cells by Sanyo Company. 
 
    c) Multijunction solar cells 
    Multi-junction solar cells or tandem cells are solar cells containing several p-n junctions. Each 
junction is tuned to a different wavelength of light, reducing one of the largest inherent sources of 
losses, and thereby increasing efficiency. Traditional single-junction cells have a maximum 
theoretical efficiency of 34%, a theoretical "infinite-junction" cell would improve this to 87% 
under highly concentrated sunlight. 
    Currently, the best lab examples of traditional silicon solar cells have efficiencies around 25%, 
while lab examples of multi-junction cells have demonstrated performance over 43%. Commercial 
examples of tandem cells are widely available at 30% under one-sun illumination, and improve to 
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around 40% under concentrated sunlight. However, this efficiency is gained at the cost of increased 
complexity and manufacturing price. To date, their higher price and lower price-to-performance 
ratio have limited their use to special roles, notably in aerospace where their high power-to-weight 
ratio is desirable. In terrestrial applications these solar cells are used in concentrated photovoltaics 
(CPV) with operating plants all over the world. 
Tandem techniques can also be used to improve the performance of existing cell designs, although 
there are strict limits in the choice of materials. In particular, the technique can be applied to thin-
film solar cells using amorphous silicon to produce a cell with about 10% efficiency that is 
lightweight and flexible. This approach has been used by several commercial vendors, but these 
products are currently limited to certain niche roles, like roofing materials. 
    d) Organic/polymer solar cells 
    Organic solar cells are a relatively novel technology, which hold the promise of a substantial 
price reduction (over thin-film silicon) and a faster return on investment. These cells can be 
processed from solution, hence the possibility of a simple roll-to-roll printing process, leading to 
inexpensive, large scale production. Organic solar cells and polymer solar cells are built from thin 
films (typically 100 nm) of organic semiconductors including polymers, such as polyphenylene 
vinylene and small-molecule compounds like copper phthalocyanine (a blue or green organic 
pigment) and carbon fullerenes and fullerene derivatives such as PCBM. Energy conversion 
efficiencies achieved to date using conductive polymers are low compared to inorganic materials. 
However, it has improved quickly in the last few years and the highest NREL (National Renewable 
Energy Laboratory) certified efficiency has reached 8.3% for the Konarka Power Plastic. In 
addition, these cells could be beneficial for some applications where mechanical flexibility and 
disposability are important. 
    These devices differ from inorganic semiconductor solar cells in that they do not rely on the 
large built-in electric field of a PN junction to separate the electrons and holes created when 
photons are absorbed. The active region of an organic device consists of two materials, one acts as 
an electron donor and the other as an acceptor. When a photon is converted into an electron hole 
pair, typically in the donor material, the charges tend to remain bound in the form of an exciton, 
and are separated when the exciton diffuses to the donor-acceptor interface. The short exciton 
diffusion lengths of most polymer systems tend to limit the efficiency of such devices. 
Nanostructured interfaces, sometimes in the form of bulk heterojunctions, can improve 
performance. 
1.1.5 Solar cell manufacturers and certification 
    There are currently many research groups active in the field of photovoltaics in universities and 
research institutions around the world. This research can be divided into three areas: making 
current technology solar cells cheaper and more efficient to effectively compete with other energy 
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sources; developing new technologies based on new solar cell architectural designs; and 
developing new materials to serve as light absorbers and charge carriers. 
    NREL tests and validates solar technologies. There are three reliable certifications of solar 
equipment: UL and IEEE (both U.S. standards) and IEC. Solar cells are manufactured primarily in 
Japan, Germany, mainland China, Taiwan and the United States, though numerous other nations 
have or are acquiring significant solar cell production capacity. While technologies are constantly 
evolving toward higher efficiencies, the most effective cells for low cost electrical production are 
not necessarily those with the highest efficiency, but those with a balance between low-cost 
production and efficiency high enough to minimize area-related balance of systems cost. Those 
companies with large scale manufacturing technology for coating inexpensive substrates may, in 
fact, ultimately be the lowest cost net electricity producers, even with cell efficiencies that are 
lower than those of single-crystal technologies. 
 
1.2 Introduction to BaSi2  
    Currently, although crystalline Si solar cells technology is undoubtedly the main stream in the 
solar cells manufacture, thin-film solar cells are gradually increasing its proportion in recent years, 
especially CdTe and CIGS solar cells. However, due to the toxic material Cd and expensive 
materials Te, In, and Se, the application of them is limited; cost and long-term stability are the 
other two problems. 
    In our laboratory, we focus on a new semiconducting material called Barium disilicide (BaSi2), 
which has a lot of advantages over other materials. As Barium is 16th abundant element in Earth’s 
crust, the content is much higher than Indium and Selenium, so the cost of BaSi2 will be much 
cheaper than other solar cells such as CIGS and CdTe. In the following, the detail of this new 
material will be introduced. 
 
1.2.1 Basic properties of BaSi2 
    BaSi2 has the orthorhombic structure as shown in figure 1.7, which contains 16 Si atoms and 8 
barium atom, every 4 Si atoms compose to a small tetrahedral structure. The length of three axis 
are 0.892 nm, 0.680 nm, 1.158 nm, respectively. Figure 1.8 shows the calculated band structure of 
BaSi2. From this figure, we know that BaSi2 is an indirect band semiconductor. The absorption 
spectrum of BaSi2 is shown in Fig. 1.7(a), the absorption coefficient of BaSi2 increases very fast 
after photon energy become larger than its band gap, reaching 3×104 cm-1 at 1.55 eV. The 
experimental band gap of BaSi2 is about 1.31 eV, which seems to be much larger than the 
theoretical value, by plotting the (αdhυ)1/2 versus the hυ, where the energy of phonon is also 
considered. 
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Fig. 1.9 (a) Absorption spectrum for BaSi2. (b) (αdhυ)1/2 versus photon energy plotted for BaSi2. 
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peak intensities of these planes were almost the same as
those in the BaSi2 epitaxial film on the Si(111) substrate.
These results indicate that the crystalline quality of the
BaSi2 film on the SOI substrate was equivalent to that on the
single-crystalline Si(111) substrate.
The transmission spectrum for the BaSi2/SOI structure is
presented in Fig. 3. This spectrum was significantly influ-
enced by an interference effect within the 0.7-!m-thick Si
layers. The Si layers were very thin and flat due to the CMP
process, so that these interference fringes were superimposed
on the spectrum. We used the equations presented in ref. 14
to derive the interference-free transmission spectrum. As
shown in Fig. 3, the transmission spectrum was fitted by the
maximal extremes of the interference fringes (TM) and also
by their minimal extremes (Tm). Assuming that the Si layers
have a certain absorption coefficient on a transparent
substrate, the interference-free transmission spectrum T!
can be expressed as just the geometric mean of TM and Tm
(T! ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
TMTm
p
) over the entire region of the transmission
spectrum.14) We calculated the T! values using the TM and Tm
curves, and also eliminated the absorption due to the Si layers
by measuring the transmission spectrum of another SOI
substrate. We finally normalized T! by taking the reflectivity
of the sample into consideration. Using T!, we could obtain
the absorption spectrum shown in Fig. 4(a). The absorption
coefficient of BaSi2 reached 3" 104 cm#1 at 1.5 eV.
Figure 4(b) shows the ð!dh"Þ1=2 versus h" plot for deriving
the indirect optical absorption edge. The straight fit line
intersects the x-axis at 1.34 eV. Thus, the indirect absorption
edge with phonon emission was 1.34 eV. The absorption
with phonon absorption is neglected, because the fitting
was performed at the higher-energy region than the indirect
band gap. Thus, the indirect band gap is determined to be
approximately 1.32 eV, assuming that the phonon energy is
approximately 25meV.15) It is true that absorption coeffi-
cients below 102 cm#1 are necessary to determine the precise
energy gap. Much thicker BaSi2 enables us to measure
smaller absorption coefficients free from errors. In addition,
we cannot rule out the possibility that defects contribute to
absorption to some extent in the energy range below 1.34 eV.
However, the obtained absorption edge agrees well with
photoresponse spectra; the photocurrent increased sharply for
energies greater than 1.3 eV.1–3) Thus, the absorption edge
determined above is safely accepted.
In summary, approximately 100-nm-thick BaSi2 epitaxial
layers were grown by RDE and MBE on transparent SOI
substrates. RHEED and #–2# XRD patterns proved epitaxial
growth of the BaSi2 on the SOI substrate. It was found
from the transmission spectrum that the absorption coeffi-
cient reached approximately 3" 104 cm#1 at 1.5 eV and
the indirect optical band edge with phonon emission is
approximately 1.34 eV at RT.
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    For the formation of solar cells with a new material, besides the band gap and the absorption 
coefficient information, minority carriers diffusion length and minority carriers life-time are the 
most important parameters. Our previous works have revealed that undoped BaSi2 has a very large 
minority carriers diffusion length by electron beam induced conductivity (EBIC) measurement, as 
shown in Fig. 1.10, the diffusion length was large than 10 µm. Figure 1.11 shows the measurement 
of microwave photoconductive decay (µ-PCD) indicated that the minority carriers lifetime of 
undoped BaSi2 was more than 10 µs. 
 
 
 
 
 
 
 
 
 
Fig. 1.10 Measurement of diffusion length of undoped BaSi2 by EBIC. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.11 Effective lifetime of undoped BaSi2 measure by µ-PCD. 
carriers was estimated to be approximately 10 mm, much larger
than the grain size of the BaSi2.
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carriers was estimated to be approximately 10 mm, much larger
than the grain size of the BaSi2.
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as Auger recombination. As a result, electrons and holes
become in high concentration around the surface and inter-
face, respectively. After carrier separation, Auger recombi-
nation would become slow, and next possible recombination
mode is SRH recombination. As schematically shown in
Fig. 1 together with the band diagram, SRH recombination
would occur mainly at the middle of the film, where both
types of carriers are in similar concentration.
It is seen in Fig. 2 that there are two decay modes for
SRH recombination with high laser intensities: approximately
constant and slow decays [Figs. 2(a) and 2(b)]. Similar slow-
down of decay has been reported for silicon and has been attrib-
uted to carrier trapping.15–17 That is, the carrier trapping which
does not lead to carrier recombination preve ts carriers from
reaching recombination centers and lengthens carrier lifetime.
Slow decay with the carrier trapping effect starts at earlier time
with lower laser intensity [Figs. 2(a) and 2(b)]. This is probably
because there would not be many free (untrapped) carriers
which can reach recombination centers when the amount of
excess carriers is small. Thus, with even lower las r intensiti s
[Figs. 2(c) and 2(d)], slow decay starts soon after carrier separa-
tion without approximately constant decay.
SRH recombination at the interface between the holes in
BaSi2 and the electrons in silicon is also probable. Total amount
of this interface recombination is, however, restricted to the car-
rier amount in silicon (!4:5" 1012 cm#3 " 3:8" 10#2 cm
¼ 1:7" 1011 cm#2) and is smaller than the number of excess
carriers in BaSi2 under the present conditions.
B. Numerical analysis of SRH recombination
The above experimental results show that effective life-
time (seff ) is a function of time. In such a case, seff can be
obtained by differentiating the excess-carrier concentration
with respect to time.18,19 By assuming that the reflected
microwave intensity (I) of l-PCD is proportional to the
excess-carrier concentration, seff can be calculated as
1
seff
¼ # 1
I
dI
dt
: (1)
Though this assumption is usually valid under low-injection
conditions, it is a reasonable approximation also in this study
of high-injection conditions because the peak values of the
decay curves increase almost linearly with the increase in
laser intensity.
Figure 4 shows the seff values cal ulated for laser inten-
sities of 2:5" 104 # 1:3" 105 W=cm2 by means of Eq. (1)
s a function of I. Before differentiation, a moving average of
the decay curve was calculated to reduce noise. The seff value
increases with the decrease in I as a general trend. It is seen
that each series of seff can be divided into three parts, which
correspond to Auger recombination, and SRH recombinations
without and with the carrier trapping effect, according to the
decay curves. Of the three carrier-recombination modes, SRH
recombination without the carrier trapping effect reflects crys-
talline quality and usually determines the minority-carrier life-
time, which should be high to achieve high solar-cell
efficiency. Thus, this recombination mode is analyzed in
detail to extract the carrier-capture probability by recombina-
tion centers.
It should be recalled here that the pn junction of BaSi2 is
formed in the BaSi2 layer (Fig. 1). The SRH recombination
velocity (Rnp) can, therefore, be represented by that of the pn
junction as20
Rnp ¼ 1
2
Cnpni exp
DEF
2kT
! "
# 1
# $
; (2)
with the assumption of one deep trap, the energy level of
which falls on the intrinsic Fermi level. In Eq. (2), ni is car-
rier concentration in an intrinsic specimen, DEF is the differ-
ence of the quasi-Fermi levels of electrons and holes, k is the
Boltzmann constant, an T is th temperature. Cnp denotes
the carrier capture probability by deep traps, which can also
be regarded as the rec mbination probability of electrons
FIG. 3. Early-stage l-PCD curves of the 130-nm-thick BaSi2 film with laser
intensities of (a) 1:3" 105, (b) 1:3" 104, (c) 1:1" 103, and (d) 1:1
"102 W=cm2. Microwave intensities were normalized by the peak values.
FIG. 4. Effective lifetime (seff ) of the 130-nm-thick BaSi2 film as functions
of the reflected microwave intensity (I). Five curves with different laser
intensities of 2:5" 104 # 1:3" 105 W=cm2 are displayed: ! (black) for the
laser intensity of 1:3" 105 W=cm2; " (blue) for 8:8" 104 W=cm2; #
(green) for 6:1" 104 W=cm2; $ (orange) for 4:3" 104 W=cm2; þ (purple)
for 2:5" 104 W=cm2. Red curve corresponds to the calculated seff curve fit-
ted to the experimental seff values of SRH recombination without the carrier
trapping effect.
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1.2.2 Growth method of BaSi2 
    Because of the small lattice mismatch between BaSi2(100) plane and Si(111) plane, BaSi2 can be 
epitaxial grown on Si(111) surface, Figure 1.12 show a typical growth method for undoped BaSi2. 
First, the Si substrate is heated to 900°C for thermal annealing for 30 min so that we can obtain a 
very clean Si 7×7 surface. After that, substrate temperature decreases to 500°C, the Ba atoms 
deposit to the hot Si substrate for reactive deposition epitaxy (RDE), about 10 nm BaSi2 template 
layer will be grown. This template layer is used for control the crystal direction of the whole BaSi2 
epi-layer. After RDE, Ba and Si atoms are co-evaporated to the substrate at 550~600°C for 
molecular beam epitaxy (MBE) growth. Both after RDE and MBE growth, reflection high-energy 
electron diffraction (RHEED) streak patterns can be observed, indicating the nice surface condition 
of the epitaxial BaSi2 film.  
1.2.3 Crystal quality of BaSi2 epitaxial film 
    Figure 1.13 shows the XRD pattern of the undoped BaSi2 layer. The forbidden diffraction peak 
marked by an asterisk occurs by double diffraction. Only those of (100)-oriented BaSi2 such as 
(200), (400) and (600) are observed, indicating that the a-axis-oriented BaSi2 was epitaxially grown. 
In addition, electron back-scattered diffraction (EBSD) maps as shown in Fig. 1.14, indicated BaSi2 
has three kinds of grains, which rotate by 120° to each other along the <100> axis.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.12 A typical growth steps for undoped BaSi2. 
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Fig. 1.13 θ−2θ XRD pattern  and grain orientation of BaSi2 thin film. 
Besides, BaSi2 also can be grown on Si(001) substrate by the almost the same MBE growth 
condition, the EBSD maps are shown in Fig. 1.15. Different from the BaSi2 grown on Si(111) 
substrate, there are only two kinds of grains exist, and grain size seems to be larger than that on 
Si(111) surface, but one should notice there are also several disorder areas inside the BaSi2 film, 
which is much larger than on Si(111). 
 
 
 
 
 
 
 
Fig. 1.14 EBSD maps for undoped BaSi2 grown on Si(111) substrate. 
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Fig. 1.15 EBSD maps for BaSi2 grown on Si(001) substrates 
 
1.3 Application to BaSi2  
    For common semiconducting materials used for making solar cells, usually, the indirect bang 
gap semiconductor like Si, has the long minority carriers diffusion length and large minority carrier 
lifetime, however, the absorption coefficient is small, so the thickness of a Si solar cell is usually 
more than 100 µm. Other materials, such as CIGS and CdTe, they are direct band gap semi-
conductor with a large absorption coefficient, can be used for thin-film solar cell. But the minority 
carriers diffusion length and lifetime of these direct band gap materials are very small, part of the 
photo-generated carriers might be recombined before they reach the electrodes, causing the 
decreasing of efficiency. 
    BaSi2 is an indirect band gap semiconductor material; the band gap is 1.31 eV, which is very 
suitable for light absorption than Si. The large absorption coefficient indicates that we can use 
BaSi2 to make thin-film solar cells. The large minority carriers diffusion length and long minority 
carriers lifetime will ensure the high efficiency of BaSi2 thin-film solar cells. 
 
 
 
 
 
 
 
Fig. 1.16 Sketch map of BaSi2 solar cell on SiO2 or glass substrate. 
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    Figure 1.16 shows a sketch map of BaSi2 solar cell on SiO2 or glass substrate. This is an ultimate 
goal for our laboratory. First, a transparent conductive oxide (TCO) layer used for back electrodes 
is deposited onto the glass or SiO2 substrate, then an about 100-nm-thick Si(111) layer formed by 
aluminum induced crystallization (AIC) method, will be used for the epitaxial growth of BaSi2 
layer. ~ 2-µm-thick BaSi2 p-n homo-junction will be grown for the light absorption and photo-
carriers generation. At last, comb-like electrodes will be evaporated and anti-reflect coating will be 
deposited. 
    For the fabrication of BaSi2 solar cells, a lot of research topics need to be done, such as to find 
the optimal dopant for n- or p-doped BaSi2, photoresponse properties are also very important 
parameter for this material. 
 
1.4 research works in this thesis 
    My works in this thesis can be divided into several parts as follows: 
    In chapter 2, I developed a new growth method of undoped BaSi2 layers on n+-BaSi2/p+-Si tunnel 
junction, by employing solid phase epitaxy (SPE) technique. The diffusion of Sb atoms from the 
n+-BaSi2 layer to the undoped overlayers was successfully suppressed, while the crystalline quality 
of the undoped BaSi2 was remained. 
    In chapter 2, I measured the photoresponsivity of a 400-nm-thick undoped BaSi2 layer growth on 
the tunnel junction by the new growth method in chapter 2. Large photoresponsivity has been 
achieved, which revealed that BaSi2 is a very promising candidate for thin-film solar cells. Besides, 
I also tried to improve the photoresponsivity further by some optimization works on growth 
temperature, RTA and contact resisitance. 
    In chapter 3, I did the investigation on three different tunnel junctions (p+-BaSi2/p+-Si, n+-
BaSi2/p+-Si and n+-BaSi2/n+-Si) on the tunneling properties and surface morphologies. This work 
gave us more choices in the structure of BaSi2 solar cell. 
    In chapter 4, I did simulations and theoretic calculations on different structures for BaSi2 solar 
cells, to point out which structure we should start to fabricate a real BaSi2 solar cell. 
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Chapter 2 Growth of undoped BaSi2 layers on tunnel 
junction without Sb diffusion 
 
    In this chapter, a new growth method of undoped BaSi2 layers on n+-BaSi2/p+-Si tunnel junction 
has been developed, by employing solid phase epitaxy technique, to suppress the diffusion of Sb 
atoms from the n+-BaSi2 layer to the undoped overlayers. 
 
2.1 Band offset problem between BaSi2 and Si. 
    Figure 2.1 shows the band structure of BaSi2 and Si and a BaSi2/Si hetero-junction. Because of 
the active element Ba, the electron affinity of BaSi2 is as small as 3.3 eV, this value is much 
smaller than that of other common semiconducting materials. As we all know, the electron affinity 
of Si is ahout 4.1 eV. So the conduction band offset between BaSi2 and Si (ΔEc) is 0.8 eV, and the 
valence band offset (ΔEv) is 0.6 eV, as shown in Fig. 2.1.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 Band structure of (a) BaSi2 and Si and (b) n-BaSi2/p-Si hetero-junction. 
 
    When n-type BaSi2 and p-type Si from a hetero-junction, there are band offsets located in the 
depletion region, which block the holes flowing from BaSi2 to Si and electrons flowing from Si to 
BaSi2. So it is difficult to form BaSi2 solar cells by this structure. For this reason, we need to find 
another to grow BaSi2 solar cells on Si substrates. 
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2.2 Adopting of tunnel junction and previous results. 
    In multi-junction solar cells, people usually use tunnel junction to series connect the different 
cells together. The tunnel junction not only isolates the different cells but also make the current can 
continuously flow. 
    To over come the band offsets problem between BaSi2 and Si, we also adopt the tunnel junction 
to help the current flow. We grew heavily Sb-doped n+-BaSi2 on low-resistivity Si substrate to form 
an n+-BaSi2/p+-Si tunnel junction, as shown in Fig. 2.2. In this case, electrons from n+-BaSi2 region 
can be easily transferred to the Si substrate by the tunneling effect. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.2 Band diagram of n+-BaSi2/p+-Si tunnel junction. 
 
 
    By adopting the tunnel junction, we fabricated the sample in the structure in Fig. 2.3, from which 
we observed the photoresponsivity in a 360-nm-thick undoped BaSi2 layer grown on the tunnel 
junction. Before growth, a B-doped p+-Si layer, approximately 30 nm in thickness, was formed on 
the p-Si(111) substrate by boron ion-implantation in order to produce heavily doped n+/p+ tunnel 
junctions. The sample structure is: first an about 30-nm-thick Sb doped n+-BaSi2 was grown onto 
the p+-Si layer, after that, 360-nm-thick undoped layer was grown for light absorption, another 50-
nm-thick n+-BaSi2 layer was grown on the undoped layer for the formation of ohmic contact.  
After the sample growth, The front-side contacts were formed by evaporating 0.5-mm-spaced 
striped Au/Cr electrodes, and the back-side contacts by sputtering Al onto the back of the Si 
substrate. The photocurrent in the vertical direction under bias voltages applied between the 
electrodes was evaluated at RT using a lock-in technique that employed a Xenon lamp with a 25-
cm focal-length single monochromator (Bunko Keiki SM- 1700A). The light intensity was 
calibrated using a pyro- electric sensor (Melles Griot 13PEM001/J). 
    In Fig. 2.4, we observed the photoresponse properties of sample in Fig. 2.3 measured at RT 
under various forward and reverse bias voltages. The direction of the current flow changed between 
the reverse and forward bias conditions, as expected. External quantum efficiencies are indicated 
by the dashed lines. Similar photoresponsivity was obtained both in the forward and reverse bias 
directions, due to the tunnel junction. Light absorption produces electron-hole pairs that are 
separated by the electric field between the electrodes, which leads to current flow in the external 
p-Si p+-Si 
n-BaSi2 
n+-BaSi2 
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circuit as the photoexcited carriers drift before recombination. Photocurrents were observed for 
photon energies greater than 1.0 eV and increased sharply for photon energies greater than ca. 1.3 
eV, reaching a maximum at 2.0-2.5 eV. The photoresponsivity increased up to approximately 74 
mA/W at 2.3 eV under a reverse bias voltage of 4 V. Energies of 1.0 and 1.3 eV correspond to the 
optical absorption edges of Si and BaSi2, respectively. In this work, the tunnel junction using 
semiconducting BaSi2 was in fact realized, which is one of the critical steps for the development of 
BaSi2 solar cells on Si. 
 
 
 
 
 
 
 
 
 
Fig. 2.3 Sample structure for undoped BaSi2 layer grown on tunneling for photoresponsivity 
measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.4 Photoresponse spectrum of the sample in Fig.2.3 under bias voltages. 
 
 
2.3 Problem needs to be solved: Sb diffusion from tunnel junction to 
undoped overlayers. 
    In our previous results, we obtained the photoresponsivity from the undoped BaSi2 grown on n+-
BaSi2/p+-Si tunnel junction. However, the value of photoresponsivity seems much smaller than we 
expected. By our detailed investigation, we find the dopant element Sb in n+-BaSi2 layer is very 
easy to be diffused into the undoped overlayers, which then segregated in the surface region. The 
diffusion of Sb atoms into the undoped BaSi2 layer may increase the electron concentration in the 
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undoped BaSi2 layers, which would lead to a reduction in photoresponsivity owing to a shorter 
minority-carrier lifetime and diffusion length. Although Sb is not an ideal dopant, it is regarded as 
the most practical n-type impurity available for BaSi2. Therefore, a new growth method by which 
Sb diffusion can be suppressed and also that does not change the crystalline quality of the BaSi2 is 
required. 
    As we all know, diffusion coefficient has a close relation with the growth temperature, so at first, 
I considered to decrease the growth temperature of undoped BaSi2 layer, three samples was grown 
to check whether decreasing the growth temperature is effect or not. 
    After cleaning the p+-Si(111) substrates at 850°C for 30 min in ultrahigh vacuum, an 
approximately 1-nm-thick BaSi2 template layer was grown by Ba deposition on Si substrates at 
550°C for 1 min (RDE), which was used to control the crystal orientation of the overlayers. An 
approximately 25-nm-thick Sb-doped n+-BaSi2 layer was then grown by co-deposition of Si, Ba, 
and Sb at 500°C for 10 min. Undoped BaSi2 layer more than 300 nm thick was then grown by 
MBE. The preparation of samples A-C is summarized in Table 2.1. Figure 2.5 shows a schematic 
of the growth processes used to prepare samples A-C. 
 
Table 2.1 Preparation of samples A–C: growth temperature of undoped BaSi2 (unit: °C). 
Fig. 2.5 Schematic illustrations of the growth processes for samples A-C 
 
    Figure 2.6 shows SIMS depth profiles of Sb atoms in samples A-C. A large number of Sb atoms 
are present in the intentionally undoped BaSi2 layers of samples A and B, which could induce 
higher electron concentrations in this undoped layer and lead to a reduction in the minority carrier 
lifetime. The Sb concentrations tend to decrease with decreasing growth temperature, as for sample 
C shown in Fig. 2.5. To understand the Sb profile, we need to consider Sb diffusion from the Sb-
doped n+-BaSi2 layers into the undoped BaSi2 layers, Sb segregation toward the surface region and 
Sb desorption from the surface. In samples A and B, the Sb diffusion and segregation are thought 
layer, as for samples A–C except for the Sb supply duration,
the substrate temperature was cooled to around room
temperature and a 10-nm-thick amorphous Si (a-Si) layer
was deposited on the nþ-BaSi2 layer, followed by annealing
at 650 "C for 1 or 10min in ultrahigh vacuum to crystallize
the a-Si layers to crystalline Si (c-Si) layers. c-Si was then
transformed into BaSi2 templates by RDE at 550 "C. Finally,
a 100-nm-thick undoped BaSi2 overlayer was grown by
MBE at different temperatures ranging from 420 to 600 "C.
Table II shows the growth processes for the preparation of
samples D–I with specifications for the Sb supply duration
during the growth of nþ-BaSi2, the annealing duration at
650 "C, and the growth temperature (Ts) of the 100-nm-thick
undoped BaSi2 layer. Reflection high-energy electron
diffraction (RHEED) patterns were measured along the
Si[11!2] azimuth after each growth stage. The crystalline
quality of the BaSi2 films was characterized using both !–2!
X-ray diffraction (XRD) patterns and XRD rocking curves.
Secondary ion mass spectrometry (SIMS) was used to
evaluate the Sb distribution in the growth layers.
3. Results and Discussion
Figure 2 shows SIMS depth profiles of Sb atoms in samples
A–C. A large number of Sb atoms are present in the
intentionally undoped BaSi2 layers of samples A and B,
which could induce higher electron concentrations in this
undoped layer and lead to a reduction in the minority carrier
lifetime. The Sb concentrations tend to decrease with
decreasing growth temperature, as for sample C shown in
Fig. 1. To understand the Sb profile, we need to consider
Sb diffusion from the Sb-doped nþ-BaSi2 layers into the
undoped BaSi2 layers, Sb segregation toward the surface
region and Sb desorption from the surface. In samples A
and B, the Sb diffusion and segregation are thought to be
dominant. On the other hand, the diffusion of Sb was
suppressed in sample C. A similar growth temperature
dependence of the Sb profile was reported in the MBE-
grown Si/Sb/Si structure.26) The most important thing we
should note here is that the Sb concentration in the undoped
BaSi2 layers still exceeds 1019 cm#3 in sample C.
Figure 3 shows !–2! XRD patterns for samples A–C. The
diffraction peak indicated by an asterisk occurs from the Si
substrate used. Diffraction peaks of (100)-oriented BaSi2,
such as the (200), (400), and (600) planes, were dominant in
all the samples, which indicates that a-axis-oriented BaSi2
was epitaxially grown. However, the diffraction peak from
the BaSi2 (301) plane became prominent in sample C. This
implies that the a-axis orientation of BaSi2, which matches
the epitaxial face relationship between BaSi2 and Si(111),
degraded when the growth temperature was 500 "C and
lower. From the results presented in Figs. 2 and 3, it was
Table I. Preparation of samples A–C: growth temperature of MBE-grown
undoped BaSi2 (unit: "C).
Sample MBE
A 600
B 550
C 500
p-Si(111)
p+-Si(111)
BaSi2 template
RDE growth 
at 550 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
MBE growth 
at 500 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
Undoped BaSi2
300-400 nm
MBE growth 
at 500−600 °C 
p-Si(111)
p+-Si(111)
BaSi2 template
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
a-Si (10 nm)
Si deposited at RT 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
c-Si (10 nm) 
Annealing 
 at 650 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
Ba
RDE growth 
at 550 °C 
MBE growth 
at 440−600 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
Undoped BaSi2
100 nm
BaSi2 BaSi2
RDE growth 
at 550 °C MBE growth 
at 500 °C 
(a) Samples A-C 
(b) Samples D-I 
Fig. 1. (Color online) Schematic illustrations of the growth processes for
(a) samples A–C and (b) samples D–I (the proposed growth method).
Table II. Preparation of samples D–I: Specifications for the Sb supply
time during the growth of nþ-BaSi2, annealing time at 650 "C, and growth
temperature (Ts) of 100-nm-thick undoped BaSi2.
Sample
Sb supply duration
(min)
Annealing duration
(min)
Ts
("C)
D 10 1 600
E 1 1 600
F 1 1 500
G 1 1 480
H 1 1 460
I 1 1 440
1018
1019
1020
1018
1019
1020
1018
1019
1020
0
Sample A, 600 °C
Sb
 c
on
ce
nt
ra
tio
n 
(cm
-
3 )
Sample B, 550 °C
0
Sample C, 500 °C
Depth (nm)
0
200
200
200
400
400
400
600
600
Fig. 2. SIMS depth profiles of Sb atoms in samples A–C.
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to be dominant. On the other hand, the diffusion of Sb was partly suppressed in sample C. The 
most important thing we should note here is that the Sb concentration in the undoped BaSi2 layers 
still exceeds 1019 cm-3 in sample C. 
Fig. 2.6 SIMS depth profiles of Sb atoms in samples A–C. 
 
Fig. 2.7 θ−2θ XRD patterns for samples A–C. 
 
    Figure 2.7 shows the θ−2θ XRD patterns for samples A-C. The diffraction peak indicated by an 
asterisk occurs from the Si substrate used. Diffraction peaks of (100)-oriented BaSi2, such as the 
(200), (400), and (600) planes, were dominant in all the samples, which indicates that a-axis-
oriented BaSi2 was epitaxially grown. However, the diffraction peak from the BaSi2 (301) plane 
became prominent in sample C. This implies that the a-axis orientation of BaSi2, which matches the 
layer, as for samples A–C except for the Sb supply duration,
the substrate temperature was cooled to around room
temperature and a 10-nm-thick amorphous Si (a-Si) layer
was deposited on the nþ-BaSi2 layer, followed by annealing
at 650 "C for 1 or 10min in ultrahigh vacuum to crystallize
the a-Si layers to crystalline Si (c-Si) layers. c-Si was then
transformed into BaSi2 templates by RDE at 550 "C. Finally,
a 100-nm-thick undoped BaSi2 overlayer was grown by
MBE at different temperatures ranging from 420 to 600 "C.
Table II shows the growth processes for the preparation of
samples D–I with specifications for the Sb supply duration
during the growth of nþ-BaSi2, the annealing duration at
650 "C, and the growth temperature (Ts) of the 100-nm-thick
undoped BaSi2 layer. Reflection high-energy electron
diffraction (RHEED) patterns were measured along the
Si[11!2] azimuth after each growth stage. The crystalline
quality of the BaSi2 films was characterized using both !–2!
X-ray diffraction (XRD) patterns and XRD rocking curves.
Secondary ion mass spectrometry (SIMS) was sed to
evaluate the Sb distribution in the growth layers.
3. Results and Discussion
Figure 2 shows SIMS depth profiles of Sb atoms in samples
A–C. A large number of Sb atoms are present in the
intentionally undoped BaSi2 layers of samples A and B,
which could induce higher electron concentrations in this
undoped layer and lead to a reduction in the minority carrier
lifetime. The Sb concentrations tend to decrease with
decreasing growth temperature, as for sample C shown in
Fig. 1. To understand the Sb profile, we need to consider
Sb diffusion from the Sb-doped nþ-BaSi2 layers into the
undoped BaSi2 layers, Sb segregation toward the surface
region and Sb desorption from the surface. In samples A
and B, the Sb diffusion and segregation are thought to be
dominant. On the other hand, the diffusion of Sb was
suppressed in sample C. A similar growth temperature
dependence of the Sb profile was reported in the MBE-
grown Si/Sb/Si structure.26) The most important thing we
should note here is that the Sb concentration in the undoped
BaSi2 layers still exceeds 1019 cm#3 in sample C.
Figure 3 shows !–2! XRD patterns for samples A–C. The
diffraction peak indicated by an asterisk occurs from the Si
substrate used Diffraction eaks o (100)-oriented BaSi2,
such as the (200), (400), and (600) planes, were dominant in
all the samples, which indicates that a-axis-oriented BaSi2
was epitaxially grown. However, the diffraction peak from
the BaSi2 (301) plane became prominent in sample C. This
implies that the a-axis orientation of BaSi2, which matches
the epitaxial face relationship between BaSi2 and Si(111),
degraded when the growth temperature was 500 "C and
lower. From the results presented in Figs. 2 and 3, it was
Table I. Preparation of samples A–C: growth temperature of MBE-grown
undoped BaSi2 (unit: "C).
Sample MBE
A 600
B 550
C 500
p-Si(111)
p+-Si(111)
BaSi2 template
RDE growth 
at 550 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
MBE growth 
at 500 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
Undoped BaSi2
300-400 nm
MBE growth 
at 500−600 °C 
p-Si(111)
p+-Si(111)
BaSi2 template
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
a-Si (10 nm)
Si deposited at RT 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
c-Si (10 nm) 
Annealing 
 at 650 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
Ba
RDE growth 
at 550 °C 
MBE growth 
at 440−600 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
Undoped BaSi2
100 nm
BaSi2 BaSi2
RDE growth 
at 550 °C MBE growth 
at 500 °C 
(a) Samples A-C 
(b) Samples D-I 
Fig. 1. (Color online) Schematic illustrations of the growth processes for
(a) samples A–C and (b) samples D–I (the proposed growth method).
Table II. Preparation of samples D–I: Specifications for the Sb supply
time during the growth of nþ-BaSi2, annealing time at 650 "C, and growth
temperature (Ts) of 100-nm-thick undoped BaSi2.
Sample
Sb supply duration
(min)
Annealing duration
(min)
Ts
("C)
D 10 1 600
E 1 1 600
F 1 1 500
G 1 1 480
H 1 1 460
I 1 1 440
1018
1019
1020
1018
1019
1020
1018
1019
1020
0
Sample A, 600 °C
Sb
 co
nc
en
tra
tio
n 
(cm
-
3 )
Sample B, 550 °C
0
Sample C, 500 °C
Depth (nm)
0
200
200
200
400
400
400
600
600
Fig. 2. SIMS depth profiles of Sb atoms in samples A–C.
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concluded that only decreasing the growth temperature of
the undoped BaSi2 overlayers was insufficient to suppress Sb
atom diffusion while maintaining the a-axis orientation of
BaSi2.
We now discuss the effect of the proposed growth method
shown in Fig. 1(b). Figure 4 shows typical examples of
RHEED patterns for sample D, prepared by the new growth
method, taken after the formation of (a) nþ-BaSi2, (b) a-Si,
(c) c-Si, (d) BaSi2 template, and (e) undoped BaSi2
overlayers. The halo pattern in Fig. 4(b) and the spotty
pattern in Fig. 4(c) show that the a-Si layer was successfully
crystallized after the annealing at 650 "C for 1min. Even on
the c-Si layers, the RDE-grown BaSi2 template and MBE-
grown BaSi2 layers were successfully formed, as presented
in Figs. 4(d) and 4(e).
Figure 5 presents !–2! XRD patterns of samples D–I. No
peaks other than those of (100)-oriented BaSi2, such as the
(200), (400), and (600) planes, were observed for undoped
BaSi2 layers grown over a wide range of temperatures, from
440 to 600 "C. On the basis of these XRD patterns together
with the RHEED pattern shown in Fig. 4(e), it can at least be
stated that undoped BaSi2 layers were epitaxially grown on
the tunnel junction using the new growth method. However,
it should be noted that the XRD intensities of (100)-oriented
BaSi2 planes decease apparently when the growth tempera-
ture is 440 "C. Figure 6 shows the full width at half
maximum (FWMH) for the BaSi2(600) intensity in samples
F–I. Ge(220) single crystals were used to make the incident
X-rays monochromatic. The FWHM values stay almost
constant around 0.5–0.6" in samples F–H, but increases
significantly up to 1.98" in sample I. This shows that the
a-axis of the BaSi2 layers tilted significantly with respect to
the surface normal when the growth temperature of BaSi2
was 440 "C. These results presented in Figs. 5 and 6 imply
that the growth temperature should be higher than 440 "C.
Figure 7 shows SIMS depth profiles of Sb atoms in
samples D–F. In sample E, the Sb concentration in the
undoped-BaSi2 layer was decreased by reducing the
102
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Fig. 3. !–2! XRD patterns for samples A–C.
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Fig. 4. (Color online) Typical examples of RHEED patterns for
sample D after the growth of (a) nþ-BaSi2, (b) amorphous Si, (c) crystalline
Si, (d) BaSi2 template, and (e) undoped BaSi2 overlayers.
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epitaxial face relationship between BaSi2 and Si(111), degraded when the growth temperature was 
500°C and lower. From the results presented in Figs. 2.6 and 2.7, it was concluded that only 
decreasing the growth temperature of the undoped BaSi2 overlayers was insufficient to suppress Sb 
atom diffusion while maintaining the a-axis orientation of BaSi2. 
2.4 New growth method with solid phase epitaxy(SPE) Si layer to 
suppress the Sb diffusion. 
2.4.1 Introduction to solid phase epitaxy 
    Solid phase epitaxy is done by first depositing an amorphous film of material on the single 
crystal substrate by MBE or other methods, which may be done at room temperature. The substrate 
was then heated at ambient pressure to transform the amorphous film into a single crystal film.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.8 SPE method to suppress the Sb segregation problem in Si-MBE 
 
    In Si MBE growth[Ref 2-26, 2-27], there is also Sb segregation problem existed. People usually use 
solid phase epitaxy method to solve the segregation problem. The detailed are shown as follows: 
    Figure 2.8 shows the SPE method to suppress the Sb segregation problem in Si-MBE. Usually, 
when MBE grow Si layer on a thin Sb layer, during the growth, Sb atoms will diffusion into the Si 
layer and segregated to the surface as shown in Fig. 2.8(a). From Fig. 2.8(b), we know that the 
diffusion temperature is very low, and under this low temperature, good crystalline quality Si 
layers cannot be obtained. However, when adopting the SPE method as shown in Fig. 2.8(c), that is, 
first deposit amorphous Si layer at room temperature, after that, do post annealing for 
(a) (b) 
(c) (d) 
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crystallization of the amorphous Si layer, the Sb layer will be limited between two Si layers. From 
Fig. 2.8(d), the SIMS depth profile indicated there was no Sb segregation problem by this SPE 
growth method. 
2.4.2 Samples growth and discussions. 
    After the growth of the 25-nm-thick Sb doped n+-BaSi2 layer, the substrate temperature was 
cooled to around room temperature and a 10-nm-thick amorphous Si (a-Si) layer was deposited on 
the n+-BaSi2 layer, followed by annealing at 650°C in ultrahigh vacuum to crystallize the a-Si 
layers to crystalline Si (c-Si) layers. c-Si was then transformed into BaSi2 templates by RDE at 
550°C. Finally, a 100-nm-thick undoped BaSi2 overlayer was grown by MBE at different 
temperatures. Table 2.2 shows the growth processes for the preparation of samples SP01-SP08 with 
specifications for the Sb supply duration during the growth of n+-BaSi2, the annealing duration at 
650°C, and the growth temperature (Tsub) of the 100-nm-thick undoped BaSi2 layer. Reflection 
high-energy electron diffraction (RHEED) patterns were measured along the Si[112] azimuth after 
each growth stage. Secondary ion mass spectrometry (SIMS) was used to evaluate the Sb 
distribution in the growth layers. 
Table 2.2 Growth parameters for samples SP01-SP08 
Sample Substrate Pre-treatment 
RDE MBE 
Tsub[°C] Time Tsub[°C] Time 
SP01 
p+/p-Cz-Si(111) (ρ=0.02) RCA+T.C 550 1 min 500 
10min 
SP02 
SP03 
SP04 
SP05 
SP06 
After 1min shuttle close SP07 
SP08 
 
 
Sample 
Si deposition Annealing RDE MBE(undoped) 
Tsub[
o
C] Thickness Tsub[°C] Time Tsub[°C] Time Tsub[°C] Time 
SP01 
RT 
10 nm 550-700 
10 min 
550 
10 min 
600 
60 min 
SP02 10 nm 
650 
SP03 20 nm 20 min 
SP04 30 nm 30 min 
SP05 
10 nm 1 min 10 min 
SP06 
SP07 500 
SP08 500 500 
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    Fig. 2.9 shows the schematic of the growth processes with RHEED patterns observed along 
Si[112] direction. The halo pattern and the spotty pattern show that the a-Si layer was successfully 
crystallized after the annealing at 650°C for 1 min. Even on this c-Si layers, the RDE-grown BaSi2 
template and MBE-grown BaSi2 layers were successfully formed, as presented in last two setps. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.9 Schematic illustrations of the growth processes with RHEED patterns observed along 
Si[112] direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.10 SIMS depth profiles of samples SP02-SP05 
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    First, let’s confine the thickness of the SPE-Si layer and annealing time. Figure 2.10 shows the 
SIMS depth profiles of sample SP02-SP05, I can get the conclusion that with the increasing of 
thickness of SPE-Si layer, the Sb concentration in undoped BaSi2 layers were almost the same, in 
SP05, when we shorten the annealing time from 10 min to 1 min, I found a decrease of Sb 
concentration in the undoped layer. That means, short annealing time was better to decrease the Sb 
diffusion. From Fig. 2.9, we can say even 1-min-annealing still can finish the crystallization 
process of the amorphous Si layer. 
 
 
 
 
 
 
 
 
Fig. 2.11 AFM images of samples SP01-SP08 
 
    Figure 2.11 shows the AFM images of samples SP01-SP08. In SP02, SP03 and SP04, we find 
the RMS values increased with the increasing of the thickness of SPE-Si layer, which means the 
surface roughness has a direct relation with the thickness of the SPE-Si layer. If compare SP02 and 
SP05, we know that shorter annealing time also can improve the surface roughness. 
 
 
 
 
 
 
 
 
 
Fig. 2.12 SIMS depth profiles of samples SP05-SP07. 
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    Figure 2.12 shows the SIMS depth profiles of samples SP05-SP07. In SP05, we have already 
found the optimal thickness of SPE-Si layer and annealing time, but diffusion only can be partly 
suppressed. In sample SP06, the Sb concentration in the undoped BaSi2 layer was decreased by 
reducing the Sb supply duration from 10 min to 1 min. However, a significant amount of Sb atoms 
was still evident in the undoped BaSi2 overlayer. When the growth temperature of undoped BaSi2 
layers was decreased from 600° to 500°C (sample SP07), the Sb concentration in the undoped 
BaSi2 overlayer was reduced to lower than the detection limit of the SIMS instrumentation. These 
results indicate that the insertion of SPE-Si layers is a very effective means to suppress Sb 
diffusion into the BaSi2 overlayers while maintaining the epitaxy of the undoped BaSi2 layers on 
the n+-BaSi2/p+-Si tunnel junctions. The reason for the successful reduction of the Sb concentration 
with this method has not yet been clarified. We speculate that Sb atoms in the n+-BaSi2 layers could 
be trapped at defects included in the c-Si layers and/or at the defective c-Si/n+-BaSi2 
heterointerface, which would prevent further diffusion of those Sb atoms into the undoped BaSi2 
overlayers. 
        In last experiments, we have already found the growth condition to suppress the Sb diffusion. 
After that, I do another experiment to confirm the relation between crystalline quality and growth 
temperature by this SPE-Si method. The growth conditions were summarized in table 2.3. 
 
Table 2.3 Growth conditions of samples D-I, with different growth temperature for undoped layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.13 θ−2θ XRD patterns of samples D-I. The forbidden diffraction peak caused by double 
diffraction is indicated by an asterisk. 
layer, as for samples A–C except for the Sb supply duration,
the substrate temperature was cooled to around room
temperature and a 10-nm-thick amorphous Si (a-Si) layer
was deposited on the nþ-BaSi2 layer, followed by annealing
at 650 "C for 1 or 10min in ultrahigh vacuum to crystallize
the a-Si layers to crystalline Si (c-Si) layers. c-Si was then
transformed into BaSi2 templates by RDE at 550 "C. Finally,
a 100-nm-thick undoped BaSi2 overlayer was grown by
MBE at different temperatures ranging from 420 to 600 "C.
Table II shows the growth processes for the preparation of
samples D–I with specifications for the Sb supply duration
during the growth of nþ-BaSi2, the annealing duration at
650 "C, and the growth temperature (Ts) of the 100-nm-thick
undoped BaSi2 layer. Reflection high-energy electron
diffraction (RHEED) patterns were measured along the
Si[11!2] azimuth after each growth stage. The crystalline
quality of the BaSi2 films was characterized using both !–2!
X-ray diffraction (XRD) patterns and XRD rocking curves.
Secondary ion mass spectrometry (SIMS) was used to
evaluate the Sb distribution in the growth layers.
3. Results and Discussion
Figure 2 shows SIMS depth profiles of Sb atoms in samples
A–C. A large number of Sb atoms are present in the
intentionally undoped BaSi2 layers of samples A and B,
which could induce higher electron concentrations in this
undoped layer and lead to a reduction in the minority carrier
lifetime. The Sb concentrations tend to decrease with
decreasing growth temperature, as for sample C shown in
Fig. 1. To understand the Sb profile, we need to consider
Sb diffusion from the Sb-doped nþ-BaSi2 layers into the
undoped BaSi2 layers, Sb segregation toward the surface
region and Sb desorption from the surface. In samples A
and B, the Sb diffusion and segregation are thought to be
dominant. On the other hand, the diffusion of Sb was
suppressed in sample C. A similar growth temperature
dependence of the Sb profile was reported in the MBE-
grown Si/Sb/Si structure.26) The most important thing we
should note here is that the Sb concentration in the undoped
BaSi2 layers still exceeds 1019 cm#3 in sample C.
Figure 3 shows !–2! XRD patterns for samples A–C. The
diffraction peak indicated by an asterisk occurs from the Si
substrate used. Diffraction peaks of (100)-oriented BaSi2,
such as the (200), (400), and (600) planes, were dominant in
all the samples, which indicates that a-axis-oriented BaSi2
was epitaxially grown. However, the diffraction peak from
the BaSi2 (301) plane became prominent in sample C. This
implies that the a-axis orientation of BaSi2, which matches
the epitaxial face relationship between BaSi2 and Si(111),
degraded when the growth temperature was 500 "C and
lower. From the results presented in Figs. 2 and 3, it was
Table I. Preparation of samples A–C: growth temperature of MBE-grown
undoped BaSi2 (unit: "C).
Sample MBE
A 600
B 550
C 500
p-Si(111)
p+-Si(111)
BaSi2 template
RDE growth 
at 550 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
MBE growth 
at 500 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
Undoped BaSi2
300-400 nm
MBE growth 
at 500−600 °C 
p-Si(111)
p+-Si(111)
BaSi2 template
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
a-Si (10 nm)
Si deposited at RT 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
c-Si (10 nm) 
Annealing 
 at 650 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
Ba
RDE growth 
at 550 °C 
MBE growth 
at 440−600 °C 
p-Si(111)
p+-Si(111)
n+-BaSi2 (25nm)
Undoped BaSi2
100 nm
BaSi2 BaSi2
RDE growth 
at 550 °C MBE growth 
at 500 °C 
(a) Samples A-C 
(b) Samples D-I 
Fig. 1. (Color online) Schematic illustrations of the growth processes for
(a) samples A–C and (b) samples D–I (the proposed growth method).
Table II. Preparation of samples D–I: Specifications for the Sb supply
time during the growth of nþ-BaSi2, annealing time at 650 "C, and growth
temperature (Ts) of 100-nm-thick undoped BaSi2.
Sample
Sb supply duration
(min)
Annealing duration
(min)
Ts
("C)
D 10 1 600
E 1 1 600
F 1 1 500
G 1 1 480
H 1 1 460
I 1 1 440
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Fig. 2. SIMS depth profiles of Sb atoms in samples A–C.
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concluded that only decreasing the growth temperature of
the undoped BaSi2 overlayers was insufficient to suppress Sb
atom diffusion while maintaining the a-axis orientation of
BaSi2.
We now discuss the effect of the proposed growth method
shown in Fig. 1(b). Figure 4 shows typical examples of
RHEED patterns for sample D, prepared by the new growth
method, taken after the formation of (a) nþ-BaSi2, (b) a-Si,
(c) c-Si, (d) BaSi2 template, and (e) undoped BaSi2
overlayers. The halo pattern in Fig. 4(b) and the spotty
pattern in Fig. 4(c) show that the a-Si layer was successfully
crystallized after the annealing at 650 "C for 1min. Even on
the c-Si layers, the RDE-grown BaSi2 template and MBE-
grown BaSi2 layers were successfully formed, as presented
in Figs. 4(d) and 4(e).
Figure 5 presents !–2! XRD patterns of samples D–I. No
peaks ot er than those of (100)-oriented BaSi2, such as the
(200), (400), and (600) planes, were observed for undoped
BaSi2 layers grown over a wide range of temperatures, from
440 to 600 "C. On the basis of these XRD patterns together
with the RHEED pattern shown in Fig. 4(e), it can at least be
stated that undoped BaSi2 layers were epitaxially grown on
the tunnel junction using the new growth method. However,
it should be noted that the XRD intensities of (100)-oriented
BaSi2 planes decease apparently when the growth tempera-
ture is 440 "C. Figure 6 shows the full width at half
maximum (FWMH) for the BaSi2(600) intensity in samples
F–I. Ge(220) single crystals were used to make the incident
X-rays monochromatic. The FWHM values stay almost
constant around 0.5–0.6" in samples F–H, but increases
significantly up to 1.98" in sample I. This shows that the
a-axis of the BaSi2 layers tilted significantly with respect to
the surface normal when the growth temperature of BaSi2
was 440 "C. These results presented in Figs. 5 and 6 imply
that the growth temperature should be higher than 440 "C.
Figure 7 shows SIMS depth profiles of Sb atoms in
samples D–F. In sample E, the Sb concentration in the
undoped-BaSi2 layer was decreased by reducing the
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Fig. 4. (Color online) Typical examples of RHEED patterns for
sample D after the growth of (a) nþ-BaSi2, (b) amorphous Si, (c) crystalline
Si, (d) BaSi2 templat , and (e) undoped BaSi2 overl ers.
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Fig. 2.14 Growth temperature dependence of FWMH measured fromX-ray rocking curves for the 
BaSi2(600) plane in samples F–I. 
 
 
    Figure 2.13 presents θ−2θ XRD patterns of samples D–I. No peaks other than those of (100)-
oriented BaSi2, such as the (200), (400), and (600) planes, were observed for undoped BaSi2 layers 
grown over a wide range of temperatures, from 440°C to 600°C. On the basis of these XRD 
patterns together with the RHEED pattern shown in Fig. 2.9, it can at least be stated that undoped 
BaSi2 layers were epitaxially grown on the tunnel junction using the new growth method. However, 
it should be noted that the XRD intensities of (100)-oriented BaSi2 planes decease apparently when 
the growth temperature is 440°C. Figure 2.14 shows the full width at half maximum (FWMH) for 
the BaSi2(600) intensity in samples F–I. Ge(220) single crystals were used to make the incident X-
rays monochromatic. The FWHM values stay almost constant around 0.5-0.6° in samples F–H, but 
increases significantly up to 1.98° in sample I. This shows that the α-axis of the BaSi2 layers tilted 
significantly with respect to the surface normal when the growth temperature of BaSi2 was 440°C. 
These results presented in Figs. 2.13 and 2.14 imply that the growth temperature should be higher 
than 440°C. 
 
2.5 Conclusion. 
 
    In this chapter, I have successfully grown undoped BaSi2 overlayers on n+-BaSi2/p+-Si tunnel 
junctions by adopting a SPE-grown thin Si layer to suppress the diffusion of Sb atoms. SIMS depth 
profiles revealed that the diffusion of Sb atoms was effectively prevented when the growth 
temperature of overlayers was 500°C and lower. The growth temperature dependence of full-width 
concluded that only decreasing the growth temperature of
the undoped BaSi2 overlayers was insufficient to suppress Sb
atom diffusion while maintaining the a-axis orientation of
BaSi2.
We now discuss the effect of the proposed growth method
shown in Fig. 1(b). Figure 4 shows typical examples of
RHEED patterns for sample D, prepared by the new growth
method, taken after the formation of (a) nþ-BaSi2, (b) a-Si,
(c) c-Si, (d) BaSi2 template, and (e) undoped BaSi2
overlayers. The halo pattern in Fig. 4(b) and the spotty
pattern in Fig. 4(c) show that the a-Si layer was successfully
crystallized after the annealing at 650 "C for 1min. Even on
the c-Si layers, the RDE-grown BaSi2 template and MBE-
grown BaSi2 layers were successfully formed, as presented
in Figs. 4(d) and 4(e).
Figure 5 pr sents !–2! XRD patterns of sampl s D–I. No
p aks other than hos of (100)-oriented BaSi2, suc as the
(200), (400), and (600) planes, were observed for undope
BaSi2 layers grown over a wide ra ge of temperatures, from
440 to 600 "C. On the basis of these XRD patterns together
with the RHEED pattern shown in Fig. 4(e), it can at least be
stated that undoped BaSi2 layers were epitaxially grown on
the tunnel junction using the new growth method. However,
it should be noted that the XRD intensities of (100)-oriented
BaSi2 planes decease apparently when the growth tempera-
ture is 440 "C. Figure 6 shows the full width at half
maximum (FWMH) for the BaSi2(600) intensity in samples
F–I. Ge(220) single crystals were used to make the incident
X-rays monochromatic. The FWHM values stay almost
constant around 0.5–0.6" in samples F–H, but increases
significantly up to 1.98" in sample I. This shows that the
a-axis of the BaSi2 layers tilted significantly with respect to
the surface normal when the growth temperature f BaSi2
was 440 "C. These results presented in Figs. 5 and 6 imply
that the growth temperature should be higher than 440 "C.
Figur 7 shows SIMS depth profiles of Sb atoms in
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at half maximum (FWHM) values for the BaSi2(600) plane revealed that the growth temperature of 
the undoped BaSi2 overlayers should be higher than 460°C to obtain good crystalline quality. 
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Chapter 3 Photoresponse properties of undoped BaSi2 
layers grown on n+-BaSi2/p+-Si tunnel junctions. 
 
    Photoresponsivity is one of the most important parameters for solar cell materials. Only a 
semiconducting material with large photoresponsivity can be use for making solar cells. In chapter 
2, I have already successfully suppressed the Sb diffusion from tunnel junction to undoped BaSi2 
layer by adopting SPE-Si method, which makes it possible to measure the photoresponsivity of the 
undoped BaSi2 layer in the vertical direction. 
 
3.1 Large Photoresponsivity of 0.15 A/W was achieved. 
3.1.1 Experiments 
    In this experiment, I grew three samples in the structure as shown in Fig. 3.1, the thickness of 
undoped BaSi2 layers was increased to more than 400 nm in order to get more absorption, then 
grew another 50 nm Sb-doped n+-BaSi2 capper layers for the formation of ohmic contacts. The 
growth conditions were summarized in Table 3.1. 
 
Table 3.1 Growth conditions for samples SP14-16. 
Sample Substrate 
RDE MBE(n+) Si deposition 
Tsub Growth time T Ba Tsub T Ba T Sb R Si Time 
T 
sub Thickness 
SP14 
p+/p-Cz-
Si(111) 
(ρ<0.02) 
520 
oC 1 min 
425 
oC 
480 
oC 
470 
oC 
250 
oC 105mA 
10 
min RT 10 nm SP15 
470 
oC 
SP16 465
 
oC 
 
annealing RDE MBE(undoped) Capper layer	  
T 
sub Time Tsub TBa Time 
T 
sub T Ba R Si Time 
T 
sub T Ba T Sb R Si Time 
650 
oC 
1 
min 
520 
oC 
425 
oC 
10 
min 
440 
oC 
470 
oC 
105mA 
240min 440
 
oC 
470 
oC 
250 
oC 105mA 
30min 
460 
oC 
470 
oC 180min 
460 
oC 
470 
oC 30min 
460 
oC 
465 
oC 210min 
460 
oC 
465 
oC 30min 
 
3.1.2 Results and discussions. 
    Figure 3.2 shows the XRD pattern of SP14-16. In these three samples, BaSi2 (200), (400), and 
(600) diffraction peaks were observed, which exhibited good crystal property of the epitaxial layer. 
The peak intensity of SP14 was smaller than the other samples, and the background also a bit large. 
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Figure 3.3 shows the RHEED patterns of sample 14-16. When growing SP14, the Ba rate was a 
little high, after 4 hours MBE growth, I found there were excessive Ba atoms on the surface, then 
they converted to BaO after the sample was taken out, maybe this is the reason that SP14 shows a 
large background in XRD. The surface of SP14 was so rough that it will be very difficult to make 
surface electrodes. In SP15, I increased the Si rate a little and in SP16, I decreased the Ba rate a 
little, the surface was much better. 
    For long time MBE growth, matching between Si rate and Ba rate is very important, and it seems 
that the matching of low temperature MBE is different from high temperature MBE. If the growth 
rate matches very well, we can get both good crystal quality and mirror-like surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1 Samples structure for SP14-16. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2 θ-2θ XRD patterns of samples SP14-SP16. 
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 Sb-doped MBE Si-SPE(annealing) RDE Undoped-MBE Capper-layer 
SP1
4 
     
SP1
5 
     
SP1
6 
     
Fig. 3.3 RHEED patterns of samples SP14-SP16 after each growth step. 
 
 
    After finishing the samples growth, stripe-shaped Au/Cr ohmic contacts were deposited by 
vacuum evaporation on the top surface, and Al ohmic contacts were sputtered on the backside. No 
anti-reflection (AR) coating was deposited. The photocurrent was evaluated at RT using a lock-in 
technique that employed a xenon lamp with a 25 cm focal-length single mono-chromator (Bunko 
Keiki, SM-1700A). 
    Figure 3.4 shows the photoresponsivity and external quantum efficiency (EQE) of sample SP16 
under reverse bias. When reverse bias voltage was added, photocurrent flew along the forward 
direction. Photocurrents increased very fast when photon energy is more than 1.3 eV, and reached a 
maximum (0.15 A/W) at around 1.55 eV. The maximal EQE was about 23%, and EQE kept a large 
value (>20%) at photon energy between 1.5 eV and 2.0 eV (620 nm and 820 nm). We all know that 
the bang gap of BaSi2 is about 1.31 eV, the photoresponse results were corresponded to this theory 
very well. We also can conclude that the bias voltage was mostly dropped across the undoped 
BaSi2 layer but not the TJ, indicated that few Sb atoms diffused to the undoped layer. The 
photocurrent decreased when we increased the reverse bias voltage further. When bias voltage was 
increased, lean of band gap was also raised, made it difficult for carriers’ transportation. The 
similar results were also observed under the forward bias condition, as shown in Fig. 3.5. 
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Fig. 3.4 Photoresponsivity and Quantum efficiency of Sample SP16 under reverse bias. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5 Photoresponsivity and Quantum efficiency of Sample SP16 under forward bias. 
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3.2 Large Photoresponsivity of 0.37 A/W was achieved. 
 
3.2.1 Experiments. 
    In last experiments, we have already successfully suppressed the Sb diffusion by adopting SPE-
Si layer, and observed large photoresponsivity on a 400-nm-thick undoped BaSi2 layer in sample 
SP16. This time, I grew the samples by changing the growth temperature of undoped layer, also 
used different capping layer thickness to investigate whether a thick capping layer is needed for 
ohmic contact. 
    The growth conditions of sample SP19 and SP20 were summarized in table 3.2. In these samples, 
the growth temperature of undoped BaSi2 layers was increased to 500°C, and the capping layer 
growth time is 20 min and 1 min respectively. 
 
 
Table 3.2 Growth conditions for sample SP19 and SP20. 
Sample Sub. 
RDE MBE (n+) Si depo. 
T 
sub 
T 
Ba Time 
T 
sub 
T 
Ba 
T 
Sb Si rate Time 
T 
sub Thickness 
SP19 p+/p-
CZ(111) 
520 430 2 500 475 250 120mA 10min 10 10nm 
SP20 520 430 2 500 475 250 120mA 10min 10 10nm 
 
Sample Annealing RDE MBE (undpoed) 
T sub Time T sub T Ba Time T sub T Ba Si rate Time 
SP19 650 1 520 430 10min 500 475 120mA 240min 
SP20 650 1 520 430 10min 500 475 120mA 240min 
 
Sample Capping layer 
T sub T Ba T Sb Si rate Time 
SP19 500 475 250 120mA 20 
SP20 500 475 250 120mA 1 
 
 
3.2.2 Results and discussions. 
    Figure 3.6 shows the illustration sketch of the samples structure. Photoresponsivities were also 
measured by lock-in technique. Figure 3.7 shows the θ−2θ XRD patterns of the samples. Both 
samples show good crystalline quality. Diffraction peaks of (100)-oriented BaSi2, such as the (200), 
(400), and (600) planes, were dominant in all the samples, which indicates that a-axis-oriented 
BaSi2 was epitaxially grown.  
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Fig. 3.6 Illustration sketch of the samples and measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.7 θ−2θ XRD patterns of sample SP19 and SP20. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.8 Photoresponsivity of sample SP19 under reverse and forward bias. 
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    Figure 3.8 shows the Photoresponsivity of sample SP19. In this sample, as shown in the figure, 
photoresponsivity was very small. We speculate that there might be a lot of Sb atoms inside the 
undoped BaSi2 layer, these Sb atoms are come form the capping layer. Because this time I 
invreased the growth temperature, it’s easy for Sb atoms diffusion into the undoped BaSi2 layer. 
The diffused Sb atoms caused the decreasing of minority carriers lifetime and diffusion length, then 
degraded the photoresponsivity. 
    Figure 3.9 shows the photoresponse spectra of samples SP20 measured at RT under various bias 
voltages; the insert figure indicated our previous results. The dashed lines indicate the external 
quantum efficiencies (EQE). For sample SP20, light absorption produces electron-hole pairs that 
are separated by the electric field and drift to the electrodes, which leads to a current flow in the 
external circuit. Photocurrents were observed for photon energies greater than 1.25 eV and 
increased sharply for photon energies greater than 1.3 eV, reaching a maximum photoresponsivity 
of 0.37 A/W at 1.55 eV when the bias voltage was 2.0 V. Compared with our previous results, the 
photoresponsivity is increased by more than 30 times. This is attributed to suppression of the 
thermal diffusion of Sb atoms in the undoped BaSi2 layers due to the presence of the c-Si layer 
grown by SPE, and the resulting heavier Sb concentration in the n+-BaSi2 layer enables the 
formation of the high-quality TJ in sample SP20. The diffusion length of minority carriers would 
be much longer in sample SP20, due to the lower Sb concentration in the undoped BaSi2 layer. The 
contribution of photoexcited carriers in the p+-Si substrate to the measured photocurrent can be 
neglected, because of the amount of absorption in Si is small compared with BaSi2, and also the 
photoexcited electrons (minority carriers in p+-Si) easily recombine with holes before reaching the 
electrodes. It should be noted that in the photoresponse spectra, other peaks become pronounced at 
photon energies of 1.46 and 3.25 eV. This is due to the nonlinear property of the photocurrent 
caused by the intense line-shaped spectrum of the xenon light at these photon energies. The EQE 
increased to 40% under a bias voltage of 1.0 V and increased further to 60% under a bias voltage of 
2.0V at 1.55eV.  
 
 
 
 
 
 
 
 
Fig. 3.9 Photoresponse spectra of samples SP20 measured at RT under various bias voltages; the 
insert figure indicated our previous results. 
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    Figure 3.10 shows a typical reflectance spectrum for BaSi2 epitaxial layers grown on a Si(111) 
substrate. BaSi2 has a re- flectance, R, smaller than 20% for photon energies in the range from 1.2 
to 3.5 eV. The smaller R enables more photons to enter the BaSi2 layer, thereby enlarging the 
photocurrent. The relatively constant value of R over the entire visible range makes it a simple task 
to determine an appropriate thickness for the AR coating layer deposited on the surface of BaSi2. 
 
 
 
 
 
 
 
 
 
 
Fig. 3.10 Reflectance spectrum of BaSi2 epilayers grown on a Si(111) substrate. 
 
 
 
 
 
 
 
 
 
 
Fig. 3.11 IQE as a function of photon energy for sample SP20. 
 
    Figure 3.11 shows the internal quantum efficiency (IQE) as a function of the photon energy for 
sample SP20, determined from EQE divided by (1-R). The IQE reached a maximum of over 70% 
under a bias voltage of 2.0 V at 1.55 eV. This value could be further improved to beyond 90% by 
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increasing the thickness of the absorption layer (undoped BaSi2 layer) from 400 nm to 2 µm, 
assuming α =3 ×104 cm-1 at 1.55eV. 
    Figure 3.12(a) shows the I-V characteristics of the samples measured at RT. Bias voltages were 
applied to the p+-Si substrate with respect to the top n+-BaSi2 surface. The linear I-V characteristics 
of sample SP20 indicate that the sample behaves like a constant resistance under the bias voltage. 
This means that most of the bias voltage was applied to the undoped BaSi2 region but not to the TJ 
due to its excellent tunneling properties. Even under a very small bias voltage, the carriers could 
still easily tunnel through the n+-BaSi2/ p+-Si hetero-junction without being blocked. In contrast, 
the series resistance under a small bias was more than 2 times larger in sample without the SPE-Si 
layer, which suggests that part of the bias voltage was applied to the TJ to assist tunneling. 
Secondary ion mass spectroscopy (SIMS) measurements using Cs ions were performed to compare 
the Sb concentration in sample SP20 and the previous sample. Reference samples with a controlled 
number of Sb atoms doped in BaSi2 have not yet been prepared but will be necessary to precisely 
determine the impurity concentration by SIMS. Although exact Sb concentrations could not be 
obtained, the Sb concentration in the undoped BaSi2 layer in sample SP20 was determined to be 
smaller than that in previous sample by more than one order of magnitude. Therefore, we conclude 
that the diffusion of Sb atoms not only decreases the resistance of the undoped layer but also 
deteriorates the quality of the TJ in the previous sample. In addition, the I-V characteristics of both 
samples exhibited good symmetry and no negative differential resistance effect was observed under 
forward bias conditions, as is often the case with heavily doped n+/p+ junctions. Thus, we speculate 
that there are many defect levels at the n+-BaSi2/p+-Si heterointerface, as shown in Fig. 3.11(b), due 
to the different crystal structures and lattice constants of BaSi2 and Si, and thereby, tunneling is 
likely to occur via the localized states in the forbidden gap rather than by direct tunneling from 
band to band. 
 
 
 
 
 
 
 
 
Fig. 3.12 (a) I-V characteristics of sample SP20 and previous sample without SPE-Si layer. (b) 
Schematic of the forward-biased n+-BaSi2/p+-Si TJ and the tunneling process. 
 
substrate with respect to the top nþ-BaSi2 surface. The linear
I-V characteristics of sample A indicate that the sample
behaves like a constant resistance under the bias voltage.
This means that most of the bias voltage was applied to the
undoped BaSi2 region but not to the TJ due to its excellent
tunneling properties. Even under a very small bias voltage,
the carriers could still easily tunnel through the nþ-BaSi2/
pþ-Si hetero-junction without being blocked. In contrast, the
series resistance under a small bias was more than 2 times
larger in sample B, which suggests that part of the bias volt-
age was applied to the TJ to assist tunneling. Secondary ion
mass spectroscopy (SIMS) measurements using Cs ions were
performed to compare the Sb concentration in samples A
and B. Reference samples with a controlled number of Sb
atoms doped in BaSi2 have not yet been prepared but will be
necessary to precisely determine the impurity concentration
by SIMS. Although exact Sb concentrations could not be
obtained, the Sb concentration in the undoped BaSi2 layer in
sample A was determined to be smaller than that in sample
B by more than one order of magnitude. Therefore, we con-
clude that the diffusion of Sb atoms not only decreases the
resistance of the undoped layer but also deteriorates the qual-
ity of the TJ in sample B. In addition, the I-V characteristics
of both samples exhibited good symmetry and no negative
differential resistance effect was observed under forward
bias conditions, as is often the case with heavily doped
nþ/pþ junctions. Thus, we speculate that there are many
defect levels at the nþ-BaSi2/p
þ-Si heterointerface, as shown
in Fig. 1(b), due to the different crystal structures and lattice
constants of BaSi2 and Si, and thereby, tunneling is likely to
occur via the localized states in the forbidden gap rather than
by direct tunneling from band to band.
Figure 2 shows a typical reflectance spectrum for BaSi2
epitaxial layers grown on a Si(111) substrate. BaSi2 has a re-
flectance, R, smaller than 20% for photon energies in the
range from 1.2 to 3.5 eV. The smaller R enables more pho-
tons to enter the BaSi2 layer, thereby enlarging the photocur-
rent. The relatively constant value of R over the entire
visible range makes it a simple task to determine an appro-
priate thickness for the AR coating layer deposited on the
surface of BaSi2.
Figure 3(a) shows the photoresponse spectra for samples
A and B (inset) measured at RT under various bias voltages.
The dashed lines indicate the external quantum efficiencies
(EQE). For sample A, light absorption produces electron-
hole pairs that are separated by the electric field and drift to
the electrodes, which leads to a current flow in the external
circuit. Photocurrents were observed for photon energies
greater than 1.25 eV and increased sharply for photon ener-
gies greater than 1.3 eV, reaching a maximum photorespon-
sivity of 0.37A/W at 1.55 eV when the bias voltage was
2.0V. These values are the highest ever reported for semi-
conducting silicides and are more than three times higher
than the value of 0.1A/W at 0.98 eV obtained for a bulk
n-type b-FeSi2 single crystal.
25 Compared with the result for
sample B, the photoresponsivity is increased by more than
30 times. This is attributed to suppression of the thermal dif-
fusion of Sb atoms in the BaSi2 layers due to the presence of
the c-Si layer grown by SPE, and the resulting heavier Sb
concentration in the nþ-BaSi2 layer enables the formation of
the high-quality TJ in sample A. The diffusion length of mi-
nority carriers would be much longer in sample A than in
sample B, due to the lower Sb concentration in the undoped
BaSi2 layer. The contribution of photoexcited carriers in the
pþ-Si substrate to the measured photocurrent can be
neglected, because of the amount of absorption in Si is small
compared with BaSi2, and also the photoexcited electrons
(minority carriers in pþ-Si) easily recombine with holes
before reaching the electrodes. It should be noted that in the
photoresponse spectra, other peaks become pronounced at
FIG. 1. (a) I-V characteristics of samples A and B measured at RT. The bias
voltage was applied to the pþ-Si substrate with respect to the top surface. (b)
Schematic of the forward-biased nþ-BaSi2/p
þ-Si TJ and the tunneling
process.
FIG. 2. Reflectance spectrum of BaSi2 epilayers grown on a Si(111)
substrate.
152114-2 Du et al. Appl. Phys. Lett. 100, 152114 (2012)
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    In summary, 400-nm-thick undoped n-type BaSi2 epitaxial layers were fabricated on a n+-
BaSi2/p+-Si TJ formed on Si(111) by MBE. The photoresponse reached a maximum at 1.55 eV. 
The photoresponsivity (IQE) was increased from 0.17 A/W (33%) to 0.37 A/W (71%) at 1.55 eV 
when the bias voltage was increased from 0.5 to 2.0 V. These values are the highest ever reported 
for semiconducting silicides, due to the effective suppression of Sb atom diffusion by the 
intermediate c-Si layer grown using the SPE technique. This result gives a strong prove that BaSi2 
is a very promising candidate for solar cells. 
 
3.3 Optimize the growth conditions of undoped BaSi2 layers on tunnel 
junction. 
    In chapter 3.1 and 3.2, we have already obtained large photoresponsivity for a 400-nm-thick 
undoped BaSi2 layer grown on a tunnel junction. However, some unknown aspects were still 
existed in this structure. In this part, we do experiments to optimize the growth condition for this 
structure. 
3.3.1 Influence of growth temperature for undoped layers. 
    In this experiment, I grew samples at different growth temperatures, to investigate the influence 
to photoresponsivity. Table 3.3 shows the growth conditions of samples SP26-SP28. 
Table 3.3 Growth conditions of the samples SP26-SP28 
Sample Substrate 
RDE MBE(n+) Si deposition 
Tsub Growth time T Ba Tsub T Ba T Sb R Si Time T sub Thickness 
SP26 
p+/p-Cz-Si(111) 
(ρ<0.02) 550
oC 2min 460oC 500oC 505oC 250oC 110mA 10min RT 10nm SP27 
SP28 
 
Annealing RDE MBE(undoped) Capper layer	  
T sub Time Tsub T Ba Time T sub T Ba R Si Time T sub T Ba T Sb R Si Time 
650oC Short time 550
oC 460oC 10min 
500oC 
505oC 110mA 240min 500oC 505oC 250oC 110mA 
5 
min 
550oC 5 min 
475oC 5 min 
 
 
    Figure 3.13(a) shows the XRD patterns of sample SP26-SP28, good crystal quality can be 
confirmed. For comparation, I also added the XRD pattern of sample SP20, which has a large 
photoresponsivity, and the XRD pattern of a Si substrate to see the background signal.   
    The XRD intensity of SP28 was lower than the others when the growth temperature decreased to 
475°C, this temperature cannot ensure the goor crystaline quality. (We obtained the large 
photoresponsivity in sample SP16, which growth temperature is only 460°C, why this time at 
475°C cannot obtained the good crystallne quality is we repaired the sample holder in the MBE 
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chamber, which caused the temperature changing.) Another thing we should pay attention is: all the 
recent samples with thicker undoped layers showed a high background signal from 15°~40° in the 
XRD pattern. But from the XRD of Si substrate, there was no this background, this means it was 
not orgined from the low angle scattering of the XRD machine. In sample SP20(also in SP16), this 
kind of background was much smaller than the others as shown in Fig 3.13 (b) and (c).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.14 XRD parrtens of the samples (a)SP26-SP28, (b) Si substrate, (c) SP20 with large 
Photorenponsivity. 
 
 
    Figure 3.15 shows the surface microscopy images of the samples under micrometer scale. Unlike 
the common BaSi2 layers on Si(111) substrates, we can not see the grain boundary(maybe the 
grains are small) but a lot of holes in these samples. After ducreasing the capping layer growth time, 
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the size of the holes decreased, but the surface became rougher. The surface of SP20, althouth was 
very rough, however, there was no hole on its surface. 
    The possible reasons caused this kind of surfaces are: 1, low growth temperature; 2, doping; 3, 
SPE-Si layer changes the lattice matching of undoped layer, causes some amorphous region in the 
sample.. 
 
 
 
 
 
 
 
 
 
 
 
 
         SP26, MBE@500°C                      SP27, MBE@550°C  
 
 
 
 
 
 
 
 
 
 
 
 
        SP28, MBE@475°C          SP20 with large PR 
 
Fig. 3.15 Microscopy images of samples’ surface 
 
    After growing the samples, I deposited electrodes and meaured the photoresponsivity. Firstly, 
it’s so strange that no regular photoresponsivity can be observed, I think the electrodes contact may 
not be good, so I treated the sample with RTA after depositing the Au electrodes at 500°C & 600°C. 
    Figure 3.16 shows the photoresponsivity and I-V characteristics of SP26 and SP27, RTA at 
500°C for 1 min. SP26 shows the regular PR under both forward and reverse bias, but the value is 
still so small(~mA/W). For SP27, the photon current can not flow under a certain direction, the 
possible reason is the bias voltage cannot be added to undoped layer. 
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Fig. 3.16 PR & I-V of sample SP26 & SP27, RTA@500°C, 1min 
 
 
    Figure 3.17 shows the PR and I-V of SP26 & SP27, RTA at 600°C for 1 min. For these two 
sample, we can observed some regular photoresponsivity under reverse bias, under forward bias, 
no stable PR can be observed. For SP28, no photoresponsicity can be observed under both forward 
and reverse bias. 
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Fig. 3.17 PR & I-V of SP26-27, RTA@600°C, 1min. 
 
 
3.3.2 Influence of RTA and contact resistance 
    Last experiment, when I grew thicker samples, I observed the high noise signals in XRD pattern, 
I guess that came from the impurity in Ba K-cell. For this reason, I baked the Ba K-cell at high 
temperature (700°C) to evaporate the impurities out, and then I grew some samples to do the 
optimization. Table 3.4 shows the growth conditions of samples SP29, SP31 and SP32. 
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Table 3.4 Growth condition of samples SP29, SP31 and SP32. 
Sample Substrate 
RDE MBE(n+) Si deposition 
Tsub Growth time T Ba Tsub T Ba T Sb R Si Time T sub Thickness 
SP29 
p+/p-Cz-Si(111) 
(ρ<0.02) 
500oC 
2min 425oC 500oC 
460oC 
250oC 
110mA 
10min RT 10nm SP31 
550oC 455oC 115mA 
SP32 
 
Annealing RDE MBE(undoped) Capper layer	  
T sub Time Tsub T Ba Time T sub T Ba R Si Time T sub T Ba T Sb R Si Time 
650oC Short time 
500oC 
425oC 10min 
500oC 460oC 110mA 4 h 500oC 460oC 
250oC 
110mA 10min 
550oC 
500oC 
455oC 115mA 5 h 
500oC 
455oC 115mA 
10min 
550oC 550oC 10min 
 
 
    Figure 3.18 shows the XRD patterns for sample SP29, SP31 & SP32. Compare with the samples 
grown last time, the background signal looks much lower, almost the same as the Si substrate. Here 
I used the same XRD machine and the same measurement condition. It can be confirmed that the 
high background problem came from the Ba source. However, in these samples, besides the (100)-
oriented peaks, other peaks such as (112), (211), and (301) also appeared, these peaks are the 
strongest ones among the BaSi2 powder diffraction peaks. I speculated the reason was: after baking 
the Ba K-cell at high temperature, the rate of Ba became unstable, which caused the deterioration 
of the caystalline quality .   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.18 XRD parrtens of the sample SP29, SP31 and SP32 
 
 
 
100
101
102
103
104
 
 
SP29
(112)
(211) (020)/(013)
(301)
100
101
102
103
4
 
In
te
ns
ity
 (c
ou
nt
s)
SP31
20 30 40 50 60 70 80
100
101
102
103
4
 
2θ (deg)
SP32
Chapter 3 Photoresponse properties of undoped BaSi2 layers grown on n+-BaSi2/p+-Si tunnel 
junction 
-50- 
 
    It was so regretable that no photoresponsivity has been observed, one of the reason was the short 
carrier lifetime because of the impurity-contained Ba source. From Hara San’s results that the u-
PCD signal was improved dramaticly after RTA treatment, so I did the RTA treatment to the 
samples. The RTA was carried out under the Ar atmosphere, with a high temperature increasing 
rate 40 K/s until to 800°C, lasted for 30 s, then netural cooling to room temperature.  
    First I should confirm whether the sample will be oxidated or not by the RTA, so I check the 
XRD patterns before and after the RTA treatment. Figure 3.19 show the XRD patterns for an 
undoped BaSi2 sample before and after RTA treatment, the XRD intensities are almost the same 
and no oxidation happened. 
    After checking the XRD patterns, then I do the RTA treatment to SP29, SP31 and SP32. Figure 
3.20 shows the surface microscopy images of the samples SP29, SP31 and SP32 before and after 
RTA at 800°C for 30 s. From the images, we can see that the holes on the surface became deeper 
and cracks appeared after RTA, speculating that the RTA process repairs the dislocation inside 
BaSi2 films, causing the small grains gathering into a larger grain. It may be a benefit to minority 
carriers lifetime and photoresponsivity. Cracks caused by the large difference in thermal expansion 
coefficient between BaSi2 and Si.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.19 XRD patterns for an undoped BaSi2 sample before and after RTA treatment 
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Fig. 3.20 Surface microscopy images of the samples SP29, SP31 and SP32 before and after RTA at 
800°C for 30 s. 
  
 
 
 
 
 
 
 
 
 
 
Fig. 3.21 Photoresponse spectrum of SP31 & SP32 after RTA@800°C, 30s. 
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Fig. 3.22 I-V characteristics for samples SP31 and SP32 with or without RTA treatment 
 
    After RTA treatment, I deposited electrodes and measured the photoresponsivity again. Figure 
3.21 shows the photoresponsivity of samples SP31 and SP32 after RTA at 800°C , 30 s. These two 
samples have no photoresponse before, after RTA, photoresponsivity appears. 
    Figure 3.22 shows the I-V characteristics for samples before and after RTA treatment between 
surface and back electrodes. The DC current decreased dramaticly after RTA, speculating that RTA 
caused the repairing of dislocations which work as defects in BaSi2 grains. After RTA, electron 
density was decreased, causing the increasing of series resistance, so the current decreased. RTA 
improved the minority carriers lifetime and diffusion length, making the photoresponsivity can be 
observed. 
    To find the optimal annealing time for RTA, I annealed the samples at 800°C for 30 s, 60 s, 90 s 
and 120 s, then observed the surface conditions and meaured the XRD rocking cureves. 
Temperature increasing rate: 30°C/s. Table 1 shows the FWHM value of rocking curves for 
BaSi2(600) peaks for different RTA durations. FWHM value first increased, after annealing time 
was over 60 s, it decreased again. 
 
Table 3.5 FWHM values for different RTA duration. 
RTA duration (sec.) 0 30 60 90 120 
FWHM (°) 0.3275 0.5512 0.6569 0.4288 0.3778 
 
 
    Fig. 3.23 shows the surface microscopy images RTA at 800°C for different durations. The 
surface condition was corresponded to the FWHM very well. From these images, we know that 
RTA may cause the crack in the film, the number of caraks reached its maximum for 60s-annealing, 
then with the increasing of annealing time, crack will be repaired gradually, after 2 min, almost all 
the cracks disappeard.  
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    Besides, we can find the number of large holes on the surface decreases with the annealing time 
increasing, suface became much smoother. 
    RTA process depends on many factors, to reveal the detailed information of RTA for BaSi2, 
we’d better consider the factors such as: annealing temperature, annealing duration, also the 
original growth parameters of the samples (growth temperature, dopants, thickness of the 
sample……)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.23 Surface microscopy images for different RTA durations. 
 
 
It seems that RTA is an effective way to improve the minority carrier lifetime from the u-PCD 
measurement results. As the same, the photoresponsivity also can be improved by RTA treatment. 
However, RTA at high temperature will cause the cracks in BaSi2 thin films, which degrade the 
crystalline quality. So find the optimal RTA temperature and optimal annealing time will become 
very important in our further experiment. 
    In Fig. 3.21, I have already do RTA treatment to samples at 800°C for 30 seconds, the 
photoresponsivity was improved under this condition. To find more optimal RTA condition, I 
changed the annealing temperature and annealing time.  
    Figure 3.24 shows the photoresponsivity of sample SP31 RTA at 800°C for 30 s and 120 s. 
Before RTA, the sample was observed no photoresponsivity. After RTA at 800°C for 30 s, regular 
photoresponsivity was observed. When I increased the annealing time to 120 s, the photores-
ponsivity was decreased and almost disappeared. 
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    Figure 3.25 shows the I-V characteristics of sample SP31 before and after RTA treatment. The 
DC current flows in RTA treated samples was much smaller than that without RTA. Current also 
decreased with the annealing time increasing.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.24 Photoresponsivity of SP31 RTA at 800°C for (a)30s and (b)120s, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.25 I-V characteristics for sample SP31 before and after RTA treatment. 
 
    Figure 3.26 shows the photoresponsivity of sample SP32 after RTA at 800°C for 30 seconds and 
120 seconds. The same as sample SP31, I also didn’t observe the photores-ponsivity before RTA 
treatment. Photoresponsivity improved dramatically after 30s RTA, then decreased when the 
annealing time was increased to 120 seconds. Compare with sample SP31, the photoresponsivity of 
SP32 was larger than that of SP31, this is because the crystalline quality of SP32 was better than 
SP31. The relatively gentle peaks indicate less defect levels inside the BaSi2 thin film. 
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Fig. 3.26 Photoresponsicity of sample SP32 RTA at 800°C for (a)30s and (b)120s. 
 
    Figure 3.27 shows the I-V characteristics of sample SP32 before and after RTA treatment. Under 
RTA condition, DC current was decreased. A little different from SP31, the decreasing was not so 
sharp. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.27 I-V characteristics for sample SP32 before and after RTA treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.28 Photoresponsivity of sample SP20 (a) without RTA, (b) RTA at 700°C for 30s 
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    Figure 3.28 shows the photoresponsivity of sample treated without or with RTA. 
Photoresponsivity also increased by RTA at 700°C, but not so remarkably as annealed at 800°C. 
According to Hara San’s results, RTA at 800°C caused the cracks inside the BaSi2 film, but can be 
avoided if annealed at 700°C. 
 
    Now let’s discuss the contact resistance. The reason I put forward this topic is the consideration 
about the series resistance in solar cells, which is an important parameter in solar cell short circuit 
current and power output. 
    In my sample structure of undoped layers on tunnel junctions, Ohmic contact resistance on the 
surface is also very important to the photoresponsivity. For this reason, I roughly measured the 
surface ohmic resistance of several samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.29 contact resistance with respect of distance d in different samples. 
 
    As shown in figure 6, the contact resistance was obtained. (a) shows the smallest contact 
resistance, in fact, this samples consequently shows the largest photoresponsivity. (b) shows a 
larger contact resistance of the same sample, this is because that sample was stored in the 
desiccator for long time, an oxide layer was formed on the surface. (d) and (e) show very large 
contact resistance, which may result from the bad surface condition of the sample. 
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3.3 conclusions. 
    In this chapter, I have successfully obtained large photoresponsivities on 400-nm-thick undoped 
BaSi2 overlayers grown on the n+-BaSi2/p+-Si tunnel junction, by adopting the SPE-Si method. 
Both I-V characteristics and photoresponsivity revealed the excellent tunneling property of n+-
BaSi2/p+-Si tunnel junction due to the suppression of Sb diffusion and the good crystalline quality 
of undoped BaSi2 layers.  
     Large photoresponsivities were achieved (max: ~0.37 A/W) at 1.55 eV under the bias voltage of 
2 V, the corresponding IQE increased up to 70%, which was the highest value ever reported for 
semiconducting silicides. Optimization discussions revealed that the RTA process can improve the 
photoresponsivity when the original photoresponsivity was small. 
      The evidence of large photoresponsivity gave a strong proof that BaSi2 is supposed to be a very 
promising material for thin-film solar cells.   
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Chapter 4 Investigation on the tunneling properties of 
p+-BaSi2/p+-Si, n+-BaSi2/p+-Si and n+-BaSi2/n+-Si tunnel 
junctions. 
 
    In chapter 3, we have already obtained the very large photoresponsivity from the undoped BaSi2 
layer grown on a tunnel junction, which means that BaSi2 may be a suitable material for solar cell 
applications. Up to now, we only can grow epitaxial BaSi2 layer on Si substrates, but it is difficult 
to form n-BaSi2/p-Si structure for BaSi2 hetero-junction solar cells due to the large difference in 
electron affinity between BaSi2 (3.3 eV) and Si (4.1 eV), which causes band offsets existing in the 
depletion region.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1 Band structure of (a) BaSi2 and Si and (b) n-BaSi2/p-Si hetero-junction. 
 
(a) 
(b) 
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    Figure 4.1 shows the band structure of (a) BaSi2 and Si, (b) n-BaSi2/p-Si hetero-junction. From 
this structure, we know that when light is incident on the n-BaSi2, the valance band offset blocks 
the photo-generated minority carriers flowing from BaSi2 to Si. Besides, the lattice mismatch 
between BaSi2 and Si (although very small), which results in defects at the interface, recombines 
the minority carriers and decreases the short circuit current and open circuit voltage. Thus, the 
efficiency will be decreased.  
    For this reason, we need to employ a tunnel junction between the BaSi2 p-n homo-junction and 
the Si substrate. In Chapter 2 and 3, we have grown undoped BaSi2 layers on n+-BaSi2/p+-Si tunnel 
junction, and obtained large photoresponsivity. We first planned to fabricate BaSi2 p-n junctions on 
this tunnel junction.  
    The exciting news was by the end of year 2012, our group has successfully formed p+-BaSi2 by 
boron doping. As a result, we have more choices for the tunnel junction used for BaSi2 solar cells. 
Besides the n+-BaSi2/p+-Si tunnel junction we mentioned in chapter 2 and 3, we also do 
investigation on the other two structures: n+-BaSi2/n+-Si and p+-BaSi2/p+-Si tunnel junctions 
because these two tunnel junctions are also effective in our BaSi2 solar cell structures. 
 
4.1 Boron precipitation problem in BaSi2. 
    At first, I grew three samples with different B doping concentration to check what is the best 
condition to grow B-doped BaSi2 on p+-Si substrates. The growth conditions were summarized in 
Table 4.1. After RDE growth, B-doped BaSi2 layers were grown by MBE for 60 min, the 
temperature of Boron K-cell was 1450°C, 1400°C, 1350°C, respectively. After the MBE growth, 
samples were annealed at 800°C for 30 min. RHEED patterns were observed after MBE growth 
and annealing.  
 
Table 4.1 Growth conditions for samples PP02-PP04. 
Sample Substrate 
RDE MBE (B doped) Annealing 
Tsub T Ba Time 
T 
sub 
T 
Ba R Si 
T 
Boron Time T Time 
PP02 
p+/p-Cz-
Si(111) 
(ρ<0.02) 
520 400 2 min 500 455 
105 
mA 1450 60 800 
30 
min 
PP03 520 400 2 min 500 455 
105 
mA 1400 60 800 
30 
min 
PP04 520 400 2 min 500 455 
105 
mA 1350 60 800 
30 
min 
 
 
    Figure 4.3 shows the RHEED patterns of SP02-SP04. We found, after post annealing, the 
RHEED patterns were changed in sample SP02 and SP03, in SP04, there was no changing in 
RHEED. For the three samples, the only difference is the doping concentration of B, so we can use 
boron precipitation in BaSi2 to explain this phenomenon. Like in Si, Boron has its own equilibrium 
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solubility limit (ESL) in BaSi2, when the K-cell temperature was 1350°C, Boron atoms became 
saturated in BaSi2. If Boron K-cell temperature was more than 1350°C, there were lots of excessive 
B atoms inside the BaSi2 crystal structure, and Boron precipitation will happen, these precipitates 
were indicated by the wide peak in XRD patterns as shown in Fig. 4.2. If the concentration of the 
dopants exceeds their ESL, the annealing procedure will give rise to nucleation and the growth of 
dopant precipitation, then separate out on the surface of BaSi2 layer, which can be detected by 
RHEED measurement.   
    This kind of large precipitates may destroy the lattice structure, cause many unknown defects in 
BaSi2, also these boron precipitates cannot be activated, easy to diffuse by the annealing process. It 
should be avoid during the fabrication of solar cell devices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2  θ−2θ XRD patterns for samples PP02-PP04. 
 
    After the samples growth, 1-mm-diameter spotty Au/Cr electrodes were deposited onto the 
surface of the sample by vacuum evaporation; Al sputtering was use to form the whole area 
backside electrodes. 
 
    Figure 4.4 shows the I-V characteristics for samples measure between two surface electrodes and 
between surface and back electrodes. From surface-surface I-V characteristics, large current meant 
ohmic contacts could be easily obtained on heavily B-doped BaSi2 surface. From surface-back I-V 
characteristics, we found all the samples show the good tunneling properties; large and almost 
linear I-V curves were obtained. 
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Fig. 4.3 RHEED patterns for samples PP02-PP04 observed after MBE and annealing. 
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Fig. 4.4 I-V characteristics for samples measure between two surface electrodes and between 
surface and back electrodes. 
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4.2 Investigation on the tunneling properties of p+-BaSi2/p+-Si, n+-
BaSi2/p+-Si and n+-BaSi2/n+-Si tunnel junctions. 
4.2.1 Experiments 
    In this experiment, I grew several samples and measure the I-V characteristics and AFM images 
to investigate the properties of these tunnel junctions. 
    Table 4.2 summarized the growth conditions for samples PP07-08, NP01 and NN01, NN03 
(NN02 failed during the growth). For PP07, PP08 and NP01, I used the B-doped p+-type Si 
substrates, for samples NN01 and NN03, I used the As-doped n+-type Si substrates, and the 
resistivity was smaller than 0.005 Ωcm. In sample PP07, I firstly grew a thin undoped BaSi2 layer 
follow by post annealing, assumed the B atoms in the Si substrate can diffuse into BaSi2 layer; In 
PP08, I directly grew B-doped BaSi2 layer on the Si substrate. The similar growth method also 
used for NN01 and NN03. 
    After the samples growth, 1-mm-diameter spotty Au/Cr electrodes were deposited onto the 
surface of the samples; Al sputtering was use to form the backside electrodes. 
 
Table 4.2 Growth conditions of samples 
Sample Substrate RDE MBE Annealing 
Tsub T Ba Time T sub T Ba R Si T dopant Time T Time 
PP07 
p+-Cz-Si(111) 
(B, ρ<0.005) 
500 425 5 min 580 460 120 mA  15 800 30 min 
PP08 500 425 5 min 650 460 120 mA 1450 (B) 15   
NP01 500 425 5 min 650 460 120 mA 250 (Sb) 15   
NN01 n+-Cz-Si(111) 
(As, ρ<0.005) 
500 425 5 min 580 460 120 mA  15 800 30 min 
NN03 500 425 5 min 580 460 120 mA 250 (Sb) 15   
 
4.2.2 Results and discussions. 
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Fig. 4.5 J-V characteristics of sample (a) PP07 and (b) PP08. 
 
    Figure 4.5 shows the J-V characteristics of samples PP07 and PP08. We found both tunneling 
current and tunneling property of sample PP08 were better than PP07. Because the work function 
of p+-Si is about 0.6 eV larger than that of p+-BaSi2, holes in the p+-Si will flow to the p+-BaSi2 
when they form hetero-junction, causing a thin depletion region at the Si surface and holes 
accumulated at the BaSi2 side. Thus, there is an electric field at the surface of the p+-Si pointing to 
the inside as shown in Fig. 4.6, and most of the depletion region stretches toward the Si side. The 
tunneling current is affected by the width of depletion region and the localized states at the 
interface. Because of the large holes concentration in the Si substrate, the width of depletion region 
is only as thin as several nanometers, which makes tunneling easy to happen. The linear and 
symmetrical J-V characteristics reveal the excellent tunneling property of this structure.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.6 Band diagram of p+-BaSi2/p+-Si tunnel junction. 
 
    In sample PP07, we grew an undoped BaSi2 layer then did post-annealing, here we assumed that 
B atoms in Si substrates can diffuse to the BaSi2 layer by annealing, but the amount of B atoms in 
the BaSi2 layer was limited owing to the small diffusion coefficient of boron, the hole density in 
BaSi2 layer was not so large (perhaps < 1019 cm-3), moreover, the annealing process will decrease 
the localized states at the interface. So current tunneling in PP07 didn't happen completely, causing 
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the J-V characteristics of sample PP07 as shown in Fig. 4.5. However, in sample PP08, we grew 
heavily B doped BaSi2 layer at a relative high temperature, refer to our previous experiments, under 
this growth condition, the hole density can reach 1020 cm-3, so the width of depletion region at the 
interface was only several nanometers (~ 3 nm), the tunneling can happen very easily. This may be 
the main reason why the tunneling property in sample PP08 was much better than PP07. 
    Another factor that influence the J-V characteristics we should consider is the surface contact. In 
this experiment I deposited Au/Cr electrodes on the surface by vacuum evaporation and Al 
electrodes to the backside by sputtering. For the backside, it was very good ohmic contacts by 
checking the I-V characteristics; for the surface, when checking the I-V, the current will flow to the 
Si substrates because of the very thin BaSi2 layer, it was difficult to distinguish the surface contacts 
were good ohmic contacts or not. As we know, the work function of Cr is 4.5 eV, the work 
function of p+-BaSi2 is ahout 4.6 eV, so the difference is very small. Although we should also 
consider the surface states and doping condition, we can suppose that the surface contacts are good 
ohmic contacts. 
    Then, let’s discuss the n+-BaSi2/n+-Si situation. Figure 4.7 shows the J-V characteristics of 
samples NN01 and NN03, there was no good tunneling property observed in both samples, no 
linear J-V characteristics were observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.7 J-V characteristics of sample (a) NN01 and (b) NN03. 
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    First we consider the band structure aspect, figure 4.8 shows the band diagram of n+-BaSi2/n+-Si 
tunnel junction. Because the work function of n+-BaSi is much smaller (~ 0.8 eV) than that of n+-Si, 
when they form hetero-junction, electrons flow from n+-BaSi2 to n+-Si, causing a thin depletion 
region in the BaSi2 layer and electrons accumulated at the Si surface. So there is an electric field at 
the BaSi2 interface pointing to Si substrate as shown in Fig. 4.8.  
    In sample NN01, we grew an undoped BaSi2 layer then did post-annealing, the substrate was As-
doped n+-Si layer, recently we don't have information of As in BaSi2, but from the J-V 
characteristics, it seems that As is also a n-type dopant like Sb in BaSi2. In sample NN03, we grew 
heavily Sb-doped BaSi2 on n+-Si substrate. Compare the J-V characteristics between NN01 and 
NN03, we found the symmetry of NN01 is better than NN01, in both samples, tunneling current 
could be obtained, but the tunneling properties were not so good as the J-V characteristics in p+-
BaSi2/p+-Si tunnel junction. 
    For the surface electrodes, we know that there is a barrier at the interface, when the electron 
density in BaSi2 layer is large enough (> 1020 cm-3), tunneling is very easy to happen, ohmic 
contact can be expected. However, if the electron density in BaSi2 layer is not so high (< 1019 cm-3), 
schottky contact property will appear. When it happens, positive current is larger than negative 
current. This is one possibility. 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8 Band diagram of n+-BaSi2/n+-Si tunnel junction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.9 J-V characteristics of sample NP01. 
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    Figure 4.9 shows the J-V characteristics of sample NP01. Like in sample PP02, the similar 
symmetrical J-V characteristics were observed, which also indicates the good tunneling property. 
The difference between NP01 and PP02 was only the tunneling current was small. Figure 4.10  
shows the Band diagram of n+-BaSi2/p+-Si tunnel junction. As we mentioned before, there are band 
offsets at the interface between n-BaSi2/p-Si, which block the current flowing; when the heavily 
doped n+-BaSi2 and p+-Si were used, the width of depletion became very thin that made tunneling 
possible. This is how we can overcome the band offsets problem.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10 Band diagram of n+-BaSi2/p+-Si tunnel junction. 
 
 
    Figure 4.11 shows the surface morphologies of the samples (a) PP08, (b) NP01 and (c) NN03 
measured by AFM. We observed a large difference in the surface roughness when we compared 
sample PP08 with sample NP01 and sample NN03. In sample PP08, we used Boron as p-type 
dopant to form the p+-BaSi2 layer on the p+-Si substrate. In sample NP01 or NN03, we used Sb as 
n-type dopant to form the n+-BaSi2 layer on the p+-Si or n+-Si substrate. The difference in the 
surface roughness perhaps comes form the size of the dopant atoms. Boron doesn’t give large 
influences in surface roughness due to its small size. However, Sb is very large atom, when we 
grow heavily doped n+-BaSi2 layers, some atoms that cannot enter the substitutional or interstitial 
position, which will accumulate on the surface, causing lots of islands on the surface as shown in 
Fig 4.11(b) and (c). The surface roughness information is very important to us. Obviously, it will 
be much easier for us to form high quality BaSi2 p-n junction on PP TJ than on other two TJs. 
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Fig. 4.11 surface morphologies of the samples (a) PP08, (b) NP01 and (c) NN03 measured by AFM. 
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4.2.3 Conclusion. 
    The band offset in the conduction band is larger than that in the valence band (VB). Thus, it’s 
difficult for electrons to overcome the barrier ΔEc in structure n+-BaSi2/n+-Si.  
    There might be many defect levels at the interface of tunnel junctions, and the position of these 
defect levels may be closer to the bottom of the VB. Thus, in both structures p+-BaSi2/p+-BaSi2 and 
n+-BaSi2/p+-Si structure, defect-assisted tunneling can occur easily. This might be the reason why 
linear and large current can be observed even under the small bias voltages. However, in structure 
n+-BaSi2/n+-Si structure, tunneling cannot happen completely. 
    The differences in the surface morphologies perhaps come form the size of the dopant atoms. 
Boron doesn’t give large influences in surface roughness due to its small size. 
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Chapter 5 Structure design of BaSi2 solar cells and 
simulations. 
5.1 Structure design for BaSi2 solar cells. 
    In chapter 3 and 4, we have already obtained the large photoresponsivity and done the 
investigation on the properties of three tunnel junctions: p+-BaSi2/p+-Si, n+-BaSi2/p+-Si and n+-
BaSi2/n+-Si. Although in n+-BaSi2/n+-Si tunnel junction, tunneling property was no so good than 
other two, but we think the tunneling current is enough for the photo-generated carrier transport. 
According to the three different tunnel junctions, in this part, I put forward three structures for 
making BaSi2 solar cells. 
 
 
 
 
 
 
 
 
 
Fig. 5.1 Three structures for BaSi2 solar cells. 
    Figure 5.1 shows three structures for BaSi2 solar cells. In structure 1, p+-type BaSi2 and p+-type 
Si form the tunnel junction, this p+-type BaSi2 was also used as the p-type region of the BaSi2 p-n 
junction. On the n-BaSi2 layer, n+-BaSi2 layer was used to generate a surface electric field to 
reduce the surface recombination. In structure 2, a BaSi2 p-n junction was formed on the n+-
BaSi2/p+-Si tunnel junction. The advantage for this structure is, if we successfully fabricated the 
BaSi2 solar cells, we can form tandem cell by this structure. The difference between structure 3 and 
structure 2 is only changing the p+-Si substrate to n+-Si substrate. 
    The difference between structure 1 and structure 2-3 is the location of the p-n junction (build-in 
electric field), in structure 2 and 3, the build-in electric field is near the surface, however, in 
structure 1, build-in electric field is located near the backside. To make it clear what’s the 
difference between these two structures, I do the theoretic calculations.  
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5.2 Calculation on the photocurrent of BaSi2 solar cells when light 
illuminated from different sides. 
    To do the calculation on the question mentioned in chapter 5.1, we first do simplification and 
build the model to it. Assume there is only a p+-BaSi2/n-BaSi2 junction, then the light illuminates 
from surface side or backside.  
 5.2.1 Light illuminated from p+-BaSi2 side. 
 
 
 
 
 
 
 
Fig. 5.2 Sketch of a simple BaSi2 p-n junction. 
 
 
 
 
 
 
Fig. 5.3 Light intensity distribution inside the junction. 
 
    In this situation, hole current determined by photo-generated holes in the n-region under 
illumination on the front side. 
    We suppose that the forward voltage V is applied to the p-n junction due to the voltage drop at 
the load resistance. The photocurrent due to photogenerated electrons Je in the p+-type neutral 
region is negligibly small. Hence, we try to deduce only Jh . 
The minority carrier (holes) distribution pn(x) in the neutral n-type region (x>0) is given by, 
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    (i) First we consider ideal case, that is, the following two boundary conditions should be satisfied: 
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    As we all know, photocurrent density JL is given by: 
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    (ii) Then let’s consider More realistic case, that is, pn(H) is determined by a recombination 
velocity S at the back side of the junction. This can be applied to a BaSi2 p-n junction diode on Si 
as shown in Fig 5.4. 
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Fig. 5.4 A realistic case for BaSi2 solar cells. 
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5.2.2 Light illuminated from n+-BaSi2 side. 
 
 
 
 
 
 
 
Fig. 5.5 Sketch of a simple BaSi2 p-n junction. 
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Fig. 5.6 Light intensity distribution inside the junction. 
 
    In this situation, hole current determined by photo-generated holes in the n-region under 
illumination on the backside.  
    We suppose that the forward voltage V is applied to the p-n junction due to the voltage drop at 
the load resistance. Here we try to deduce only Jh . 
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Fig. 5.7 A realistic case for 
BaSi2 solar cells. 
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5.2.3 Comparison on these two different situations. 
    We have already obtained the solution of the photocurrent, now let’s compare these two situation. 
When light incident from the p+-BaSi2, JL is: 
Jtotalfront = q(1− R)Φoe−αHp (1+
e−αW
α 2L2 −1) [13]  
    When light incident from the n+-BaSi2 side, JL is: 
Jtotalback = q(1− R)Φoe−αHn × (1+
1− e−αH
α 2L2 −1) [14]  
    During we derived the solution of the current, the assumption L >> H and S/αD <<1 have been 
made, that is, the diffusion length of minority carriers is much longer than the thickness of 
absorption layer (in BaSi2, L > 10µm). Also the recombination velocity S should be small. 
    In BaSi2, we know that α > 3×104 cm-1, so α2L2  >>1, so the formula [13] and [14] can be 
simplified into: 
 
Jtotalfront = q(1− R)Φoe−αHp [15]  
Jtotalback = q(1− R)Φoe−αHn [16]  
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    Here, Hp and Hn are the thickness of the p+-BaSi2 layer and n+-BaSi2 layer, respectively. From 
photocurrent expressions [15] and [16], we know that the difference between these two structures is 
very small, only the thickness of the p+-BaSi2 and n+-BaSi2. In the ideal case, either structure is 
acceptable to us.   
 
5.3 Simulation on the BaSi2 solar cells with three different structures. 
    In chapter 5.1, I have already put forward 3 structures for BaSi2 solar cell, in this part, I will do 
simulation on the 3 different structures. 
5.3.1 Parameters for BaSi2  
       Before we do the simulation, lots of parameters need be brought into consideration, such as 
band gap, electron affinity, effective density of states in the conduction band (CB), Nc, and valence 
band (VB), Nv, and so on. According to our previous works and some already published papers, 
parameters used for my simulations are summarized in Table 5.1. The Nc and Nv were calculated 
from the effective mass of electrons and holes from paper phys. stat. sol. (b) 244, No. 7, 2611 – 2618 
(2007) by D. B. Migas. Since we don't have information about defects in BaSi2 layers, first we only 
consider the ideal situation; I assumed high quality undoped BaSi2 layers without any defects. 
Theoretical absorption coefficients for BaSi2 were used from Ref. [5-11].  
Table 5.1 Parameters of BaSi2 and Si for simulations. 
 
Band gap 
[eV] 
Permittivity 
Affinity 
[eV] 
Nc 
[cm-3] 
Nv 
[cm-3] 
mn 
[cm2/V/s] 
mp 
[cm2/V/s] 
ND 
[cm-3] 
NA 
[cm-3] 
Thickness 
[nm] 
n-BaSi2 
1.31 14 3.3 2.59e19 1.954e19 
600 700 1e16  1500 
n+-BaSi2 10 10 5e19  50 
p+-BaSi2 10 10  5e19 50 
n+-Si 1.12 
 
11.9 4.1 2.8e19 1.04e19 
200 80 5e19  200 
p+-Si 200 80  5e19 200 
 
    In the simulation, I assumed both the hole density in p+-BaSi2 layer and electron density in n+-
BaSi2 are 5×1019 cm-3, the thickness of which are both 50 nm. The Thickness of absorption layer 
was 1500 nm. To simplify the calculation, the thickness of substrates was set to 200 nm, which 
only affect the series resistance. 
 
5.3.2 Introduction to simulation software: wxAMPS. 
    AMPS (Analysis of Microelectronic and Photonic Structures) is a well-known solar cell 
simulation tool developed by Fonash et al. at the Pennsylvania State University. AMPS is 
particularly well adapted to simulating amorphous and polycrystalline solar cells with large 
densities of point defects in the energy gap. Therefore it is frequently employed in simulating a-
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Si:H and CuInSe2-based solar cells. In the original form it has the capability to support energy 
band grading for up to 30 layers in the device.  
    The wxAMPS program is an update of the popular solar cell simulation tool AMPS. The user 
interface of wxAMPS uses a cross-platform library and provides quick data entry and improved 
visualization. Beyond the original AMPS kernel, wxAMPS incorporates two tunneling models and 
a new algorithm combining the Newton and Gummel methods. The incorporation of a trap-assisted 
tunneling model makes more precise simulation of multi-junction solar cells possible. The 
combined Newton and Gummel method solutions improve stability of the code and permit both 
tunneling models to function well within the algorithm. Based on the option for an unlimited 
number of layers in the simulation, modeling graded solar cells can be implemented easily in 
wxAMPS. 
    The program mainly composed by three dialog boxes as shown in Fig 5.8, Fig 5.9 and Fig 5.10. 
Figure 5.8 is the parameters setting dialog box, here we can all the parameters needed for 
simulation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.8 Parameters setting dialog box for materials and structures. 
    Figure 5.9 shows the ambient dialog box for the simulation; here we can set the ambient 
temperature, incident light spectrum and contacts condition. 
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Fig. 5.9 Ambient dialog box for simulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.10 Results display dialog box for simulation and analysis. 
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    Figure 5.10 shows the results display dialog box for the simulation and analysis. In this dialog, 
all of the important information including I-V characteristics, bang gap structure, carriers 
distribution, build-in electric field and quantum efficiency can be displayed.  
    wxAMPS is a highly stable solar cell simulation program with improved performance relative to 
the original AMPS program. wxAMPS is similar in performance to other simulations such as 
SCAPS but provides greater ability to model materials with high defect densities, band tails, and 
other features typical of thin film photovoltaics. The associated WIKI for sharing device 
parameters allows users to take advantage of the simulation tool. 
 
5.3.3 Simulated results and discussions. 
 
 
 
 
 
 
 
 
Fig. 5.11 Band diagram of structure 1. 
 
 
 
 
 
 
 
 
 
Fig 5.12 Simulated I-V characteristics under dark and illumination. 
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    Figure 5.11 shows the band diagram of structure 1. In this structure, depletion region is at the 
substrate side, the width of depletion region is about 400 nm assuming the electron density in n-
BaSi2 layer is 1×1016 cm-3. Photo-generated minorities (hole) diffuse to the depletion region, drift 
to the p+-BaSi2 layer; then tunnel to the p+-Si substrate and collected by the electrodes. The n+-
BaSi2 layer on the surface can reflect the holes generated near the surface, decrease the surface 
recombination velocity; it’s also useful for making surface electrodes. Figure 5.12 shows the 
simulated results for this structure.  
 
 
 
 
 
 
 
Fig. 5.13 Band diagram of structure 1. 
 
 
 
 
 
 
 
 
 
 
Fig 5.14 Simulated I-V characteristics under dark and illumination. 
 
    Figure 5.13 shows the band diagram of structure 2. Different from the structure 1, in this 
structure the depletion region is at the surface side. Photo-generated minorities (hole) diffuse to the 
depletion region, drift to the p+-BaSi2 layer on the surface then collected by the electrodes. The n+-
BaSi2 layer is used to form the tunnel junction for the electrons tunneling; these tunneled electrons 
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will be recombined quickly in the p+-Si substrate. Figure 5.14 shows the simulated results for this 
structure.  
        Figure 5.15 shows the band diagram of structure 3. It is similar to the structure 2, only 
difference is the substrate. Electrons flow to the n+-BaSi2 layer, tunnel to n+-Si substrate, and then 
collected by back electrodes. Figure 5.16 shows the simulated results for this structure.  
 
 
 
 
 
 
 
Fig. 5.15 Band diagram of structure 1. 
 
 
 
 
 
 
 
 
 
 
Fig 5.16 Simulated I-V characteristics under dark and illumination. 
 
5.4 Conclusions 
    I have already done the simulation in chapter 5.3, to do the comparison on three structures; the 
simulated results are summarized in table 5.2. 
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Table 5.2 Summary of simulated results. 
Structure Voc (V) Jsc (mA/cm
2
) FF (%) Eff (%) 
I n
+
/n/p
+
/p
+
-Si 0.901 23.07 87.26 18.13 
II p
+
/n/n
+
/p
+
-Si 0.845 22.92 83.99 16.26 
III p
+
/n/n
+
/n
+
-Si 0.900 23.04 87.26 18.09 
 
    From table 5.2, we can get the conclusions as follows: 
    1. Sstructure 1 exhibits the best performance.  
    2. Compare structure 1 with structure 3, I speculate the small difference comes from the smaller 
band offset in the VB than in the CB (0.2 eV smaller).  
    3. In structure 2, open-circuit voltage Voc was smaller than others, that means there is 
recombination at the n+-BaSi2/p+-Si tunnel junction. 
    4. In structures 2 and 3, we used n+-BaSi2 to form the tunnel junctions, however, the dopant Sb 
very easily diffuse. Thus, actually, the efficiency of structures 2 and 3 might become much smaller 
than expected.  
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Chapter 6 Summaries 
    The works in this thesis can be summarized as follows: 
    A new method is proposed for the growth of undoped BaSi2 overlayers on a Sb-doped n+-
BaSi2/p+-Si tunnel junction with reduced Sb diffusion. Samples with the structure of undoped-
BaSi2/Si/Sb-doped n+-BaSi2/p+-Si were prepared; the inserted Si layer was grown by solid phase 
epitaxy and used to prevent Sb diffusion during the growth of undoped BaSi2 overlayers. 
Secondary ion mass spectrometry measurements indicated that Sb diffusion was effectively 
suppressed when the growth temperature of the undoped BaSi2 overlayers was 500°C and lower. 
The X-ray diffraction rocking curves revealed that the full width at half maximum for the 
BaSi2(600) intensity increased significantly for BaSi2 grown at 440°C, indicating that the growth 
temperature should be higher than this temperature. 
    After solving the Sb diffusion problem, the thickness of the undoped layer was increased to 400 
nm. The highest photoresponsivity and internal quantum efficiency exceeding 70% at 1.55 eV were 
achieved from this undoped layer. By adopting the SPE layer, not only the crystalline quality of the 
undoped layer but also the tunneling property of tunnel junction was improved. From the further 
optimization works, which indicated that RTA and contact resistance are also the important factors 
influencing the photoresponsivity. Good photoresponse properties reveal that BaSi2 is a very 
promising material for solar cell applications. 
    For the formation of BaSi2 solar cells, high quality tunnel junctions are unavoidable due to the 
large difference in electron affinity between BaSi2 and Si. For this reason, I do the investigation on 
the tunneling properties p+-BaSi2/p+-Si, n+-BaSi2/p+-Si and n+-BaSi2/n+-Si tunnel junctions. p+-
BaSi2/p+-Si shows the best tunneling property, n+-BaSi2/p+-Si shows a similar property as p+-
BaSi2/p+-Si, but the tunneling current was a little smaller. In n+-BaSi2/n+-Si, because of the large 
band offset in the CB, the tunneling property was degraded. The surface morphologies measured 
by AFM indicated that p+-BaSi2/p+-Si has the best surface condition. 
    Simulations and calculations on different structures BaSi2 solar cells have been done, to find the 
most appropriate structure for BaSi2 solar cells. The cell with the structure n+-BaSi2/n-BaSi2/p+-
BaSi2/p+-Si indicated the best performance. Indeed, boron has a small diffusion coefficient in BaSi2, 
in this structure, both the qualities of p-n junction and tunnel junction are ensured, which makes 
high efficiency BaSi2 solar cells possible.   
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